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PREFACE

The Second Symposium on Fluid-Solid Surface Interactions
was held at the Naval Ship Research and Development Center,
Bethesda, Maryland on June 5-6, 1974. This symposium also
represented the first official meeting between the U.S. Navy and
the Ministry of Defense of the Federal Republic of Germany on
the Data Exchange Agreement on "Fluid-Solid Surface Interactions."
The first symposium on this subject took place at Meersburg,
Germany on May 3-5, 1972, sponsored by the German Ministry of
Defense and organized by Dornier System, GmbH, Friedrichshafen.
The encouraging results of the Meersburg meeting resulted in a
recommendation that an exchange agreement be established to
coordinate, intensify, and exploit the research effort directed
toward future engineering applications of solid-surface treatment.

The increasing interest in fluid-solid surface interactions
is due to the rapid progress in the physics and chemistry of
solid surfaces over the last decade. This progress was, in turn,
made possible by advances in vacuum technology, in methods of
obtaining clean surfaces, and by development of improved
measuring techniques such as low-energy electron diffraction (LEED)
and Auger spectroscopy. In addition to the sciences of surface
physics and surface chemistry, the sciences of rarefied gas
dynamics, hydrodynamics, rheology, solid-state physics, and bio-
physics all share a common interest in fluid-solid surface inter-
actions.

The theoretical approach to the understanding of such
interactions is different for the gaseous and the liquid phases.
The bulk of the literature is concerned with gas-solid surface
interactions, but relatively little work has been published in
the field of liquid-solid surface interactions. The possible
engineering applications with enormous potential benefits range
from heterogeneous catalysis, wettability, prevention of corro-
sion and biological deposits to drag reduction and heat-transfer




control. The involvement of such a variety of research fields
and the wide area of applications demand that an inter-
disciplinary approach be taken. The two symposia and the
establishment of the Data Exchange Agreement were, therefore,
attempts to bring together some of these wide-spread areas so

that each working group could benefit from the experience of
others in the various specialized fields.

In these Proceedings the historical background of the Data
Exchange Agreement is outlined in the article by Professor
A. Walz. The symposium itself was divided into two sessions.
The first dealt with the molecular interactions of gases and
solids; the second was devoted to the continuum aspect of fluid-
solid surface interactions and to the problems of liquid-solid
interactions. The seeming dichotomy between these two sessions
was bridged by the common effort to study the properties of
solid surfaces and to develop techniques for treating solid

surfaces.
I would 1like to thank Mr. G, Gleissner, Head of the
Computation and Mathematics Department, and Mrs. J.W. Schot,

e

Head of the Fluid Flow Applications Branch, for their support
before and during the symposium. I am grateful to Mrs.

A. Phillips for her assistance in editing the Proceedings.
Thanks are also due to Mrs. B. Schultz, Mrs. A. Centineo, and
Miss E.A. O'Bryant who did the bulk of the organizational work.

Hans J. Lugt

November 29, 1974
Naval Ship Research and Development Center
Bethesda, Maryland 20084
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INTRODUCTORY REMARKS

K. H. Gronau
German Ministry of Defense

As the administrative project officer and representative
of the German Ministry of Defense I should like to cordially
thank first of all Captain Nelson* on behalf of all German
participants for the courteous words of his opening address of
this symposium. The initiative for the cooperation between
the USA and the Federal Republic of Germany in the field of
fluid-solid surface interactions was taken in 1971 by Dr. Lugt
at the Naval Ship Research and Development Center (NSRDC). On
the German side it was primarily the firm of Dornier System
which, supported by the Federal Ministry of Defense, organized
the first international special symposium on fluid-solid
surface interactions at Meersburg/Bodensee in May 1972. On
this occasion the NSRDC work was presented for the first time.
In Germany work in the field of interface physics and gas-
surface interactions has been encouraged by the Federal
Ministry of Defense for several years now and has concentrated
on aerodynamic friction, heat transition by convection,
adsorption of oxygen molecules from the gas phase at the sur-
face of a solid, desorption of gas at surfaces, and the
special problems connected with catalysts.

These discussions between representatives of NSRDC and
DORNIER SYSTEM gave rise to the wish for closer cooperation in
the exchange of research results. Since the appropriate mili-
tary agencies in the USA and in the Federal Republic of Germany
were informed of these exploratory talks, the possibility soon

* Commanding Officer, Naval Ship Research and Development
Center, who welcomed Symposium participants to the Center.
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appeared of concluding, at government level, a military data
exchange agreement including additional USA and German research
institutes. After a few administrative obstacles had been
surmounted, this DEA was signed in 1973 by the responsible
government agencies.

I have special pleasure in stating that the first meeting
under this DEA takes place at the Naval Ship Research and
Development Center, since the initial impulses for the coopera-
tion, too, emanated from this Center.

I hope that this symposium will give you a review of the
most recent work and, based on the technical discussion, will
have a stimulating effect on the further extension and exchange
of research data in this field.

In conclusion let me thank the NSRDC, especially Dr. Lugt
for his preparations for this joint symposium which will to a
considerable extent contribute to ensuring the anticipated
success for all participants.

viii




HISTORICAL BACKGROUND

A. Walz
Technische Universitat Berlin

_‘/Most known technical problems of fluid mechanics involve a
relative velocity between fluid and solid surfaces. The con-
servation laws of fluid mechanics, however, involve only the
properties of the fluid (such as density, viscosity, heat
conductivity, and specific heats). The solid surface influences
the fluid motion mainly by its displacement effect (its body
shape) which is described by potential flow theory. At the
beginning of this century Prandtl introduced the boundary layer
concept in order to include adhesion at the solid surface as an
important additional boundary condition. With the introduction
of this parameter of fluid-solid surface interaction within the
molecular or atomic contact layer, the theoretical prediction
of surface friction drag became possible.

The important question, however, i}*Whether the adhesion
and the related friction drag can be reduced by a suitable
hoice of solid-surface material and/or by a special treatment
of the surface. This question could not have been investigated
systematically by theoretical or empirical means until a few
decades ago.

A research proposal worked out by the firm Dornier System
in 1966 for the German Ministry of Defense may be considered
typical and basic for further research on the following topic:

Objective: To find a solid surface material with
as large a value as possible for the sound wave
resistance a, = YoE (p = density, E = modulus of
elasticity). In the limiting case a, » « a total
reflection of the gas molecules at the solid
surface is expected and consequently the transfer
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of tangential momentum (i.e., friction drag)

and heat vanishes.

It may be of interest to note here that similar ideas for
research have been published almost simultaneously in the USA,
France, ltaly, and USSR. This basic research idea resulted in
a guideline for discovering suitable solid surface materials,
especially those with high atomic weight. However, the fact
that the surface of all selected materials is contaminated with
deposits from chemical reactions occurring between this surface
and air components such as oxygen, nitrogen, and carbon dioxide
was discouraging. Thus, the fluid-solid surface interaction is
not controlled solely by the properties of the metal itself.
The gas molecules strike these contamination layers which are
characterized by low densities, low values of sound wave
resistance ag, and undesirable roughness. The only way to over-
come these difficulties was to find methods of removing these
[ contamination layers and treating the solid surface so that it
becomes resistant to chemisorption and physical adsorption.

After this important look into the mechanism of fluid-

solid surface interaction, projects were undertaken in solid
surface structure analysis and the development of cleaning
procedures, especially of mono-crystal surfaces of high
molecular weight. Modern physical techniques such as Auger
Spectroscopy, Low Energy Electron Diffraction, and Secondary
Ion Mass Spectroscopy were used or modified for these purposes.

Simultaneously, theoretical efforts were started by
specialists in the field of kinetics of gases and their inter-
action with well-defined solid surfaces. The aim of this
research group was to develop calculation methods for the
accommodation coefficients o, starting with special modes of
surface structure and molecule interactions. With sets of
these a-coefficients the phenomenon of adhesion and slip may
be physically described with more or less accuracy. These




theoretical efforts provided necessary support for further
empirical work.

These activities in the molecular physics field were
accompanied by theoretical investigations in the field of
continuum mechanics aimed at developing information about the
effects of slip boundary conditions on the continuum flow
(i.e., on friction, heat transfer, and pressure distribution).
As is well known, such investigations may be performed on the
basis of the Navier-Stokes equations, in connection with an
energy balance equation if compressibility must be taken into
account.

At that time the Computation and Mathematics Department
of the Naval Ship Research and Development Center had already
done important work on numerical solutions of the Navier-Stokes
equations for other projects, such as the DEA "Boundary Layer
Effects'" Annex No. AF-68-G-7416, 18 June 1968, which is closely
related to the present DEA.

During 1972 Dornier System mad: a survey of interdisci-
plinary slip-research activities. The encouraging results of
this survey led to the idea of an international meeting to
promote discussion and criticism by an interdisciplinary
audience. This meeting was sponsored and organized by the
German Ministry of Defense and Dornier System, and some
cooperating international establishments and specialists. It
was held at Meersburg, Germany, from 3-5 May 1972. The program
of this meeting, now called the First Symposium on Fluid-Solid
Surface Interaction, is attached as an Appendix to these
Proceedings for information. Some of the papers of that first
symposium are characteristic of the state of the art of slip-
research at that time. They are listed below as follows:

"Analysis and Cleaning of Solid Surfaces".
M. Seidl (Dornier System) was successful in cleaning a
Cu-monocrystal surface approximately one cm square by
bombarding it with ions of argon and finally covering

xi




it with a deposit of carbon such that the surface
became resistent to contaminating deposits as mentioned

above.

M.E. Schrader (Naval Ship Research and Development Center)
presented his own experimental results (Journ. of Phys,
Chemistry 1970) with gold surfaces which, in conjunction
with Seidl's results, may indicate that gold has substan-
tial advantages for realizing slip-surface conditions

(see Seidl's paper in these Proceedings which confirms
Schrader's conjecture).

“"Theoretical Approaches and Experiments on Accommodation
Coefficients for Momentum and Energy'.
For the special case of Gas-Solid Surface Interaction,
W.J.C. Muller and K. Barwinkel (Dornier System) have
developed modes and related statistical theories of
adsorption which may permit the calculation of accommoda-
tion coefficients. For low values of the accommodation
; coefficient of energy % the requirement for surface
smoothness is far less restrictive than for low values of
@ the accommodation coefficient of momentum. Measure-
ments of @y in the order of magnitude 10-2 presented by
D. Menzel and J. Kouptsidis (Technical University of
Munich) may be considered a confirmation of the theoretical
values. On the basis of their own measurements, D. Menzel
and J. Kouptsidis expected that by further surface
preparation an accommodation coefficient of energy in the

4

order of magnitude 10~ would be achievable.

"Investigations based on continuum mechanics of the effects
of surface slip on the flow field".

By comparing numerical solutions of the Navier-Stokes
{ equations for the extreme boundary conditions of nonslip
and perfect slip, H.J. Lugt (Naval Ship Research and
1 Development Center) proved that, even in the case of
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perfect slip, the Kutta-Joukowsky circulation flow
necessary for 1lift is established after a very short
time (which is not self-evident).
In addition to these special reports on results of work
directed to drag and heat transfer reduction, other research

related to fluid-solid surface interaction was discussed in

] detail. Heterogeneous catalysis, corrosion, anti-fouling, and \

procedures for construction in sea-water were pointed out as

important problems, the theoretical basis and practical solution

of which are closely related to those for other fluid-solid

surface interaction problems. It was noted, too, that applica- l

tion of these efforts in the physical-chemical field may be f

achieved in the not too distant future. E
With such results, the closing session of the First (

Symposium underlined the importance and necessity of close ;

interdisciplinary cooperation among the major disciplines such [

as continuum mechanics, molecular physics, and physical

chemistry. Both the organizing authorities and the partici-

pants in this symposium recognized these research goals and

agreed to plan and propose a Data Exchange Agreement (DEA)

between the US Navy and the Federal Republic of Germany. This

DEA was realized on 13 April 1973 as Annex No. MWDDEA-N-72-G-4210.
Within this official framework all establishments involved

in this DEA have contributed very encouraging results in both

the theoretical and experimental fields. Papers on these :

results are being presented at this first official DEA-Meeting i

at the Naval Ship Research and Development Center, denoted as i

the "Second Symposium on Fluid-Solid Surface Interaction'. ;
Some highlights of this Symposium may be briefly reported

as follows:

The Research Group of Dornier System was successful in
improving the physical background and the accuracy of theoret-
ical prediction methods for the a-coefficients (as already

xiii
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sketched in the first symposium) and has verified these results
by direct measurements.

Neither theoretical nor experimental results for the

t important case of liquid (water) -solid surface interaction
have been reported in this Symposium, Apparently molecular
physics has not so far been successful in describing the
mechanism of the liquid-solid surface interaction. Conclusions
for the liquid case based upon interaction modes developed for ‘
the case of gases are obviously misleading. Significant
efforts to overcome these difficulties have been started in
both the theoretical and experimental fields and there is some
hope that novel approaches will be developed before the Third
Symposium. For the time being, drag reduction in liquid-solid
surface cases can be realized only by damping turbulent motions

in the boundary layer with ejection of polymer material or by
laminarization with boundary-layer suction control. Information

and know-how on these matters was also exchanged.
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The Technological Importance of Gas-Solid Surface Interactions

G. Hoff
Dornier System GmbH

799 Friedrichshafen, Germany

Any reasonable investigation of the interaction of gases with
solid surfaces requires precise analysis of the chemical and
physical structure of solid surfaces in atomic dimensions. The
progress of the past 10 years in vacuum technology and physical
analysis techniques has led to the industrial availability of
testing methods such as LEED*, AUGER-Spectroscopy and SIMS*¥,

'Y

These methods make possible for the first time, the adequate

s

analysis of the structure of solid surfaces. Such measurement of

gas-solid surface interaction, involving physically and chemically

precisely prepared and analyzed solid surfaces, gives gquantitative i

insight into elementary processes in such different areas as ;

aerodynamic friction |
heat transfer gas-solids
heterogeneous catalysis |
ultra-high vacuum technology

crystal growth from the gas phase

oxidation.

The transfer of tangential momentum of gas molecules impinging

on a moving solid surface determines aerodynamic friction. With

appropriately preconditioned solid surfaces (minimal roughness

and avoidance of loosely adsorbed layers), it is possible to §
reach a tangential momentum accommodation coefficient (TAC) below

7o

Low Energy Electron Diffraction 1

ek Secondary Ion Mass Spectroscopy
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of the impinging molecules is transferred to the moving surface.

» Which means that less than 10 % of the tangential momentum

The physically determined lower limit for the TAC seems to be of
the order of 10°2 to 1073

an ideal surface. The reduction of TAC can become technically

, due to the atomic roughness of even

significant for missiles and aircraft operating at high altitudes.

For satellites and reentry vehicles the advantage of such surfaces

is evident.

The energy accommodation coefficient (EAC) can be reduced far
more than the TAC because the atomic roughness of the surface is
unimportant for energy transfer. Measured values of EAC are of

the order of 10-2. With suitable preparation of the surface, EAC

values of 10_4 seem, in principle, attainable. Various technical

4

applications of EAC values of 10 ° are to be expected in the

military field.

Infrared seeker heads of air-to-air and ground-to-air missiles

are limited to velocities of M =3, At higher velocities the aero-
dynamic heating of the infrared dome results in such a strong
self radiation that the actual target is no longer detectable.

However, an increase in velocity of such missiles above M =3 is :
an important military objective. For ICBM warheads, extreme
velocities are required in order to decrease reaction time for
defensive missiles. In the present work on surface layers with

small EAC lies the possibility of increasing the present velocity J

limit. I believe that our knowledge of gas-surface interactions
will be most rapidly applied in the problem of handling thermal j
loads. .

Another important problem is the increase in thrust-to-weight
ratios of jet engines. Progress in this area depends essentially .
on an increase in working temperature. The working temperature
is limited by the high-temperature strength of turbine materials.
Research on gas-surface layers with decreased heat transfer could




allow a higher gas temperature without increasing the temperature

of the turbine blades. In addition, structural analyvsis of the

solid surfaces has indicated new ways to develop oxidation !
resistant materials. Because oxidation resistance determines the
limit for high-temperature application of many materials, this
represents an additional method of increasing the thrust-to-

weight ratio of jet engines.

UHV-technology is another field of application. The problem
here is adsorption and desorption of water from the vacuum
chamber walls. Hzo-adsorption-free surfaces could make the UHV

technique as easily manageable as the HV-technigue.

The most important non-military application of gas-surface
interactions is in the field of heterogeneous catalysis. Most
products of chemical industry are produced by catalytically
controlled reactions. However, catalysts are developed in an
entirely empirical manner. For important reactions such as the
Haber-Bosch process for ammonia synthesis more than 20,000
different catalysts were tested, and still there is no certainty

that the best catalyst for this process has yet been discovered.

Catalysts accelerate thermodynamically possible reactions
without reacting themselves. They adsorb the reaction partners
on their surface, thus concentrating them. The chemical and
physical structures of catalytic surface activate the adsorked
molecules which then react. Finally the reaction products desorb
from the catalyst surface. Investigations on gas-surface inter-
actions will give research on catalysis a new base in the near

future.

Finally, let us consider an example from the materials sector,
where unsolved problems in gas-surface interactions and adsorp-

tion-layers on solid surfaces are blocking progress. The develop-
ment of high-strength materials is directed toward composite

materials consisting of fibers with a metallic matrix. Carbon
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fibers, boron fibers and whiskers qualify for such composites.
A1203 whiskers are the most interesting because they have the
best compatibility with high-temperature materials. However, one
kilogram of first-class A1203—whiskers costs several hundred
thousand DM and therefore whiskers must be ruled out as a base
for future materials, although the material from which they are

produced costs only a few DM per kilogram.

A1203 whiskers are grown from gas-phase reactions. We are
engaged in growing such whiskers and we must admit that the
process is much closer to an alchemical procedure than to modern
chemical engineering. The critical surface physical processes for
whisker growth (nucleation, epitaxial growth, and the gas-surface
interaction) have not been mastered in such a way as to control
such processes. Fven when this A1203 whisker is available and a
composite material with an aluminum matrix is to be produced, new
interface problems arise. It is not possible to obtain adherence
between A1203 whiskers and the aluminum matrix, although aluminum-
oxide that accumulates on solid aluminum displays ideal adherence.
The reason for inferior adherence is adsorption layers on the
A1203 whiskers.

The possible technological applications of gas-surface inter-
actions are intriguing and important. This is the attraction as
well as the danger. Only when the various disciplines needed for
the solution of the problems presented to us, ranging from aero-
dynamics through theoretical physics to surface and solid state
physics, really communicate with each other will we be successful.
Symposia such as this one are the most effective way to conduct
such discussions among the different disciplines.

6




Review of the Studies of Gas-Solid Surface Interactions and the

Investigations of Marine Fouling at Dornier System

H. Rieger
Dornier System GmbH
799 Friedrichshafen

Germany

This paper gives a short survey of two study areas investiga-
ted at Dornier System which fall within the scope of this Sympo-

sium.
These areas concern:
1. Gas-solid surface interactions

2. The prevention of marine fouling

I. Investigations of Gas-Solid Surface Interactions

The investigations carried out so far in this field are pri-
marily concerned with the solution of the following two aues-
tions:

First, to what extent does the momentum transfer in the collision
of gases and solids depend on the structure of the solid surface,

and

Second, what surface treatment methods will reduce the momentum

transferred from the gas to the solid?

These guestions are of fundamental significance in understan-
ding aerodynamic friction, because such friction is caused by

the tangential momentum transferred from the gas to the solid.

A further special aspect of gas-solid surface interactions is
the aerodynamic heating of flight vehicles as it occurs, for
example, on rockets and guided missiles flying at high speeds.
This aerodynamic heating is caused by energy transfer from the

gas to the solid.
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Gas friction and aerodynamic heating of flight vehicles are
typical surface effects. It can thus be expected that both
effects depend on the characteristics of the gas as well as on
those of the solid surface. Experiments have shown, however, that
in the continuum flow region both gas friction and aerodynamic

heating depend only on the gas and not on the solid.

How can this independence of gas friction and heating of the
solid surface be explained? In the continuum flow region, the
gas molecules of the free flow do not come into direct inter-
action with the solid surface but interact with gas molecules
which are situated near the solid surface. In this way a maximum
amount of momentum and a maximum amount of energy are transferred
to the solid. This means that in the continuum flow region a flv-
ing body experiences the greatest possible friction and the area-

test possible heating.

In the slip flow region, however, a much higher proportion of
gas molecules interact directly with the solid. In this flow re-
gion it is thus possible to reduce gas friction and heating by
means of solid surface preparation. This preparation must be such
that the collision of gas molecules with the solid surface is as

elastic as possible.

Reduction of friction and aerodynamic heating on flight vehic-
les by preparation of the solid surface is of areat significance
for the entire field of aeronautics and space flight. Numerous
attempts have been made in the past to investigate the influence
of the solid surface on the energy and momentum transfer from
gases to solid surfaces. These attempts were unsuccessful because
it was not possible (until quite recently) to analyze or prepare
the solid surface structure at the molecular level. Such analysis
and preparation is, however, the absolutely necessary precondi-
tion for a successful investigation. This is the only way to gua-

rantee, for example, that the gas molecules do, in fact, impact




the atoms of the solid and not undefined surface contaminations.
Furthermore, only controlled preparation of the solid surface
guarantees that the surface characteristics can be varied in a
definite way and that the effects of this variation on the mo-

mentum and energy transfer can be measured.

Fig. 1 illustrates the necessity for preparation of the solid

surface down to atomic dimensions. In this case the chemical com-

position of the surface of a contaminated and of a clean copper
single-crystal was investigated by means of Auger spectroscopy,
an advanded surface analysis technique. Auger spectroscopy pro-
vides the chemical composition of the solid surface in the first

atomic layer, i.e. directly on the surface.

Fig. 1 shows the Auger spectrum of a contaminated copper
single~crystal without special surface cleaning. The main con-
taminants of this surface are sulfur, chlorine, carbon, oxygen
and potassium. These contaminations can be removed from the
copper surface by vacuum-heating and ion bombardment. Fig. 1
also shows the Auger spectrum of a copper surface cleaned in
this way which contains only the copper peak.

By using several analyses and preparation technigues comple-
menting one another, we can be sure that our investigations of

gas-solid surface interactions can be performed reproduceably

on defined solid surfaces. We can, furthermore, define variations

of the surface characteristics.

Table 1 shows schematically the way in which we performed the

investigations of the gas-solid surface interaction. The work was

subdivided into experimental and theoretical investigations.

Experimental Investigations

Experimental investigations included surface analysis, sur-
face preparation, and molecular beam and friction experiments.

T T
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Surface Analysis

The following methods were used for surface analysis:
(LEED) Low Energy Electron Diffraction for determining the

crystalline structure of single-crystal surfaces.

Auger spectroscopy (AES) ard secondary ion mass spectroscopy
(SIMS) for determining the chemical composition of the solid sur-

face.

LEED, AES, and SIMS analyze the first atomic lavers of solid

surfaces.

Microbalance measurements for investigating absorption and de-

sorption processes.

Optical methods or electron microscopy for investigating thin

surface layers such as oxide layers.

Surface Preparation

Surface preparation was accomplished mainly by the focllowing
techniques: mechanical, chemical and electrochemical polishing;
vacuum tempering; surface cleaning by ion bombardment; and evapo-

ration of special elements.

Measurement of the Gas-Solid Surface Interaction

The gas-solid surface interaction was investigated primarily

by molecular beam and friction experiments.

The molecular beam experiments on the interaction of gas beams
and defined solid surfaces may be subdivided into two groups:
scattering experiments for investigating the angle distribution
of the scattered gases, and experiments measuring directly the
momentum transfer from the gas to the sclid by means of force

measurements.

Friction experiments investigated the slip effect by the ro-

tating cylinder method and were performed mainly on technical




surfaces, the structure of which is not well known.

Theoretical Investigations

All experiments were supported and supplemented by theoretical
investigations, experimentors and theorists working closely to-
gether. The theoretical work centered on investigation of the im~
pact processes of gases and solid surfaces and on investigations
of the slip flow region. The investigations of collision processes
were mainly concerned with calculating the influence of different
parameters on the kinetics of impact. The investigations of the
slip flow region centered on the exact description of the bounda-

ry conditions of flow using suitable accommodation coefficients.

The results of the investigations performed so far are repor-
ted in more detail in the papers of Dr. Baerwinkel and Dr. Seidl.
They show that appropriate surface preparation can contribute to
considerable reduction of the momentum transfer during the colli-
sion of gases and solid surfaces. The limits for a further reduc-
tion of the tangential momentum transfer, however, also become
evident. These limits are 1largely set by the surface roughness
and are considerably closer for tangential momentum transfer than
for energy transfer. It can therefore be expected that the heatina
of flight vehicles can be much more effectively reduced by sui-

table surface preparations than can aerodynmic friction.

IT.Investigations of Marine Fouling

Finally the investigations performed at Dornier System, cover-
ing the fouling behaviour of various materials and of antifouling
paints, are summarized. It was the aim of these investigations to
prevent the fouling of buoys as well as of optical and acustical

sensors of buoy network in the North Sea.
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Physical Parameters Governing Slip-Boundary Conditions and Their

Influence on Momentum and Energy Transfer

K. Bdrwinkel

)
M
El
!
)

Dornier System GmbH

799 Friedrichshafen, Germany

1. Slip and Nonslip Continuum Flow

According to normal continuum hydrodynamics or aerodynamics
the thermal load and the forces exerted on a solid body moving 4
through a fluid are determined by certain details of the flow '
field surrounding the body. The drag coefficient which is partly
due to friction is an example. The friction force amounts to
about 80 % of total drag for normal airplanes and may be
calculated by integrating the shear stress over the whole surface
of the solid body under consideration. The wall shear stress L
in turn, is obtained from the velocity gradient:
au |

T. =N =

w 3y (1)

y=0

where y is the coordinate normal to a plane wall. This equation
holds if the continuum theory applies as well as the nonslip

boundary condition
u (y=0) = 0 . (2)

The velocity gradient, of course, follows from the Navier-Stckes P

equations, subject to appropriate boundary conditions. |

Egs. (1) and (2) indicate that in the normal case fluid-solid
surface interaction is of no interest. In the slip regime, how-

l
ever, it comes into play via generalized boundary conditions. The §
|

flow equations of continuum theory are retained in the slip

regime. As we shall see, eq. (1) also remains valid. In contrast,




the velocity boundary condition, eq. (2), is generalized by

introducing the slip coefficient z:
ue) = =2 | (3)

In a wide region of physical cases ¢ practically vanishes and
the slip boundary condition (3) reduces to the nonslip condition
(2). The opposite extreme is ; = «, where a finite velocity may
exist at the wall together with a velocity gradient equal to

zero.

2. Slip Flow in Liquids and Slip Flow in Gases

Slip flow in gases is a well-established physical phenomenon.
It is understood to be a rarefaction effect. The degree of rare-
faction required for slip to become evident depends on the
specific interaction between the gas and the solid surface. On
the other hand, since this interaction can be manipulated (for
the time being) to a limited extent only, an appropriate degree
of rarefaction is necessary for such manipulations to have an

effect.

Clearly the physical origin of slip flow at a liquid-solid
boundary must be quite different. It appears that the ratio of
the forces between the solid surface and molecules of the liquid
system on the one hand and the forces within the liquid on the
other should be important. This is the physical quantity which
determines the wettability. M.B. Barbin's recent paper |1] cle«ims
that slip flow in water was induced by covering a quartz surtuce

with a layer of hydrophobic molecules.

In what follows, considerations will be restricted to the

gas-solid surface system.




)

3. Boundaries to the Slip-Flow Regime

Let us discuss the meaning of ¢ for the special case of a

linear velocity profile and a given value u at some fixed
distance ¢ from the wall.

Fig. 1

—

v iye—

ek

If the velocity profile is extrapolated beyond the wall, the
velocity becomes zero at a virtual distance, egual to ¢, behind
the solid surface. A non-negligible slip velocity must be taken
into account 1r § cannot be neglected in comparison with ¢, It is

reasonable to define

0.01 < t/ 6 (4)

as a boundary to the slip flow regime and to take § as the

boundary layer thickness (for flows of high Reynolds number).
Another boundary to the slip flow regime is reached if the mean
free path # of the gas molecules becomes comparable to the
boundary layer thickness. In this case it no longer makes sense

to use the continuum flow equations. Thus,

% < 0.1 (5)

may denote the second boundary to the slip flow regime and egs.
(4) and (5) together define the slip flow regime by

0.01
v

< % < 0.1 (6)




with
c:v'p_. (7)
Whereas & depends only on the physical state of the ogas, v is
characteristic of the interactinag system made up of a solid sur-

face and a gaseous phase. From a physical standpoint eq. (7) is

thus a very reasonable representation of the slip coefficient.
For ordinary surfaces v is of the order of one and with

L/ £ ~ M / vRe

for Re » 1 and (8)
v o~

we arrive at the well-known definition |2]
0.01 <M/ VYRe < 0.1 (9)

of the slip flow regime for flows of high Reynolds number. With
increasing v the slip flow regime is extended to lower values of
M / YRe and thus to higher densities of the gas.

4. Accommodation Coefficients

In gas kinetic theory the state of a gas is generally
described by the distribution function £ (;, 8, t) where

£ (r, ¢, t) dc

is the number density of particles with a velocity in the
velocity-space element dc around E, taken at a space-time point
f, t. It is, however, often sufficient to know a few macroscopic
parameters (p, T, d) characteristic of the physical state. Under
this condition, the Navier-Stokes equations apply. One exception
is the Knudsen layer of approximate thickness % immediately
adjacent to a solid surface. Here the distribution function is
affected by the specific interaction of gas particles with the




solid body.

The so-called accommodation coefficients (AC's) are intro-
duced as descriptive parameters of this specific interaction:
If o is the flux of some physical quantity (energy, momentum,
etc.) incident on the wall and ¢r the flux reflected from the
wall, then

¢, - 2
AC = $l_:__£_ (10)
i eq

where ®eq is the flux carried by a Maxwellian distribution coming

from the wall at the same temperature as the wall.

Let a be the AC of tangential momentum, so that 2 is just that
fraction of the incident momentum flux lost to the wall. The slip

coefficient is then simply related to a by
v = g/l = — (11)

This formula was developed by Maxwell and follows from two

assumptions (cf.|4]):

1. A fraction a of the atoms incident on the wall leaves it with
a Maxwellian velocity distribution and according to the cosine

law. The remainder is specularlv reflected (Maxwell's model).

2. The distribution function of the molecules approaching the wall

does not change within the Knudsen layer (Maxwell's assumption).

Since momentum flux is nothing but a force per unit area,

microscales are a possible device for measuring a. Such a device

is used at Dornier System |3|. In these experiments particle

beams are directed onto the surface under study. It is clear from
the definition of the ACs that they depend on the actual distri-
bution of the incident particles with respect to velocity. The ACs
determined by our microscales are therefore called beam accommo-

dation coefficients. They are functions of the particles' energy

21
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and of the angle of incidence. Roughly speakinog, a weighted
average of beam ACs (with respect to eneray and angles of
incidence) is obtained for a if we calculate it from a measured
slip coefficient according to Maxwell's formula (11). A
convenient method of measurinag ¢ involves a friction experiment,
e.g. using a device with rotating cylinders, as is done at

Dornier System '5).

The evaluation of ¢ from a friction experiment is always based
on the continuum relation between the wall shear stress and the
velocity profile. Now the validity of this relation micht be
doubted for slip flow because the continuum theory does ncot
describe the Knudsen layer and the macroscopic velocity extra-
polated through the layer onto the wall gererally deviates from
the mean flow speed within the Knudsen layer 4],

u f Fig. 2

w(0) true flow velocity within

Knudsen laver

- ¢ oY

However, if we take the simple free-path formula for viscosity

n =

N

pem =D . B Lp.c
n-¢+c = 5 N iecC (12)

with the thermal velocity

y/ 8KT (13)

Cc =

we have the same level of description as we have in eq. (11),

and eq. (1) can be proved:




The number N of gas particles per unit aera anu time incident

on the solid surface is ;
N = —~—PR_ (14)
V2T Mk T

| and the mean tangential momentum per particle

| 5t = m-u(l) = m@u(0) + 2u'(0)) = mu'(0) * ("+i). (15) ‘
f (2) J

According to the definition of o the momentum flux lost to the i

b wall is then

P

tw = @ —_—— em -+ (Zz+%) u'(o) (16) A

v 2Tk T ’

and, making use of eq. (11), we arrive at eq. (1), with r given {
by eq. (12). :
k-

The slip-boundary condition may also be given in the form

=322 B oo (17)
c
Evidently, ¢ can be increased by makina a small, which means
smaller velocity gradients and thus reduced friction. If we manage
to realize some low value of a, it will be desirable to judge this
achievement in view of the drag reduction to be expected (only the

portion due to friction should be taken into account).

Ccnsider again the constant-shear stress layer (linear velocity
profile) of section 3. with § and ug fixed. The reduction of
frictional drag gained by slippage as compared with the frictional .
drag in nonslip flow is then R percent* with

100

1 4+ 2 . %

2-a

R (18) '

* A similar formula for Couette flow with slippage at both wa.ls . 4

is given in |2]. ;




In Fig. 3 R is plotted as a function of 4 for various values
of the parameter &§/%. To get an estimate for situations of
practical interest we have introduced the boundary layer thick-

ness 6|

§ = 5.64 - L /s ReL (19)

for a plate of length L =50 cm. Fig. 4 then indicates the
variation of §/% with height H and speed of flicht u,. (For
simplicity we have used the barometric pressure formula and

a constant temperature T = 293 K.)

According to Figs. 3 and 4 values of 2 below 0.01 would be of
great interest for fligth applications. Of course this is only
a rough estimate. For the study of special systems extensive
numerical work seems indispensable. Recent prodaress in the
calculation of flows with slip-boundary conditions is reported

by H.J. Lugt and coworkers (e.g. 7).

5. The Scattering Kernel

Any finite set of ACs yields only a partial description cf an
interacting gas-~solid surface system. Every aspect of such an
interacting system is covered only by the scattering kernel P,
which relates two branches of the distribution function, namely
the distribution function f' of incident particles and the distri-
bution function f of reflected particles in the manner of a

linear integral transform:

-0

+ 2 I3 D 4 - ' voeT o .o
£ (c) : dcy | % | . dc dc; £ (c') P (c' +c) (20)

In the hypersonic range the boundary-layer thickness is no
longer given by eq. (19) so that the determination of <&/t
should be modified appropriately.
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Nonlinearity and nonlocality in space and time can be intro-

duced as further complications.

-t -
P (¢ - <) dc is the probability that a gas particle with a
-- -
velocity C in dc leaves the surface if one with ¢' hits the sur-

face.

If, using molecular beam techniques, one selects a single

velocity

£7(2') = const - 1 (o' - ¢ (21)

the scattering kernel can be obtained from the scattered distri-

bution function
Y @) = X2 p T .0 (22)

Because of the conservation of particles and the preservation
of equilibrium once reached at the solid surface, as well as
because of its meaning as a probability density, the scattering
kernel belongs to the class of normalized, reciprocal, and non-

negative functions:

2 4 a
; dcy S dcxdcZ P (¢' »c ) =1 (23)
(o] -0
! ]
Y - m(c'?-c”) 2.2y = p (em . 2
z exp ( 5T ) P {¢c'> <) P (-c c') (24)
Y s
(for c.. -0, c§ <0, TS = surface temperature)
P (c' »¢c) 30 (25)

Hitherto only a limited number of model functions was known
which fulfilled these conditions. The following ones (of which
number 5 is a completely new model to be studied) have an

intuitive physical meaning:

ki i il N S I YR R MR e e




1) specular reflection:

P (¢' »c¢c) = ﬁ(cy-+c§) 5(cx -C;) 6(c2 —c;) (2€)

2) perfect backscattering: )

P (C' » ) = 5(C + &Y (27)

3) perfect accommodation:

2 2
P (c c) = = (2<Ts) cy exp 2<TS (28)

e

- —

4) diffuse elastic reflection with a cosine law

- -

C i -
P (3" ~ ¢) = L3¥ (‘&) - 13 (29)
“c

5) exchange of an energy quantum ¢ with preservation of

tangential momentum
P (C' + Q) =
m

e (Ber2o Te2 - Eas@erdmtL .
ic(zcy 2cy £)+exp( KTsﬁ(zcy 2cy+g)

- ] K -— ]
m ?y 6(cx cx)u(cz cz)

1 + exp-e/KTS

me' 2

- —X
001 Tk

+ ——=—— 8(c! + c) &(c! - c ) &(c! - ) (30)
1+exp-e/KTS Y X X z z

Here O is the unit step function: C(x) = O if x < O, i
0(x) = 1 if x > O.

The beam AC of tangential momentum and the relative transfer
of normal momentum considered over a sufficiently wide reaion of
incidence angles and energies are very sensitive to variations of
the scattering kernel. We therefore hope to extract a lot of
information about P (c' - c) from the measurements with our micro- i

scales device by fitting to them linear combinations of model

]
28




functions. Results for ordinary surfaces are reported by

W.J.C. Miiller [8!.

6. Rigorous Results on Slip-Boundary Conditions in Terms of

Knudsen Accommodation Coefficients

The rigorous theory of boundary conditions in the slip flow
regime is based on the solution of Boltzmann's equation for the
distribution function in the Knudsen layer subject for the
boundary condition (20) with an arbitrary scattering kernel '9!.
The rigorous theory so far has more or less been confined to the
case of near eguilibrium flow (low speed of flow near the wall!).
Under this condition the velocity-slip coefficient can be
expressed in terms of the so-called Knudsen ACs uij “10'. These
are defined as

. @in>'@1;0> (31
5T Gy G

Here i and j have no intuitive meaning but only refer to an

arbitrary enumeration of polynomials (see below).

The triangular brackets indicate the average over a Maxwellian

flux of particles at the temperature of the wall:

—3(—3—-)2 o:dcc f?dcdc ( )ex—(mcz) (32)
S LT . yCy 12 GCxSCz tree P 2¢T

ﬁQ denotes the integral transform performed with the

scattering kernel:

o~ - © +eo - - -
- [} t ] ) [}
PQ(c) = é dcy fi dcx dcz P (c ~c') Q(c') (33)
Finally, Qi are polynomials of the velocity. The first five are

needed for the slip coefficient:

29
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4

Q1 = cy (particle velocity normal to surface)
QZ = Sk
Q; = ¢, (34)
0, = c?
Q5 = cycx
The result for the slip coefficient is nowﬁ: j
2 |
£ = 2;a25 [1 * %5 ( % ) ;32 ) 5:;§§ - %) I (35) |
22 25 25 %
with the mean free path deterrined by viscosity according to i
eqg. (12). i

7. The Slip Coefficient Traced Back to Beam

Accommodation Coefficients :

Admittedly, reliable data on Ay and a55 are lacking and we
might just as well take recourse to eq. (11)., It is consistent
with the heuristic considerations underlyino this simple formula

to identify o with Asye Thus

2~

a

22
22

2 (36)

C R

If we measure the AC of tangential momentum for a thermal beam
of particles (at the temperature of the surface but with a well-

defined direction) as a function of the angle of incidence ?*, say

s
Ypeam (9), we have
1 /2 3 T
=7 é sin”9 cosy o o () de (37) |

the azimuthal angle.

I
The scattering kernel is assumed to be independent of i




Thus the beam AC is averaged with a weight function, the

maximum of which lies at an angle of incidence equal to 60°.
If we have a beam with a well-defined energy of the particles

and not with a thermal distribution, the averaging process (37)

must of course be generalized to include the energy variable.

8. The Thermal Slip-Boundary Condition

The thermal slip-boundary condition reads

T(0) - TS = T = (38)
with CX as the thermal slip coefficient.
The formula for cx, which corresponds to eg. (35), invelves the
Knudsen ACs Ogqi Qg4 a1,1o; LYPY a4’1o; and a1o'10. On the level
of Maxwell's heuristic approach a simplified formula comparable
with eq. (11) is obtained:

2-a

2y E

Cx = (vy+1)Pr ) Op . (39)

with vy = cp/cv, the ratio of specific heats, Pr as the Prandtl

number, and op as the energy AC. The Knudsen AC most intimately

related with aE is a44.

Fig. 5 shows an estimated reduction of heat flow (in per cent)

£’ compared with the case ap = 1. The heat flow

is here due to internal friction in the flow parallel to a flat

as a function of o

plate; no slippage of the velocity is assumed. Further assumptions
are: Pr =1, vy = 1.4, and no gradient of pressure or temperature
parallel to the solid surface. The calculation is based on the
temperature profile (|6] p. 56)

2

= - u oo - - L
T =T + (T -Tg) (“5 1) (Tgy 'ré) (“5 ) (40)
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with the stagnation temperature

T, T, (1 + 1= Mg (41)

and, again, on the model of the constant-shear stress layer,
The result is

7 2
g "7 ¢ aEE -
RE = 100 ; 5o (42) ‘
E '3
1 + —6' . = . E
E

y The parameter 35/4%4 is the same as that given in section 4.
Again, values below 0.01 for the AC would be of practical interest
in the nonslip continuum flow and slip flow regime. In view of

microscopic roughness, it may be easier to reach such low values

for ap than for the AC of tangential momentum. 4

9. Some Simple Ideas on Microscopic Parameters

9.1 Roughness on an Atomistic Scale

If a particle is specularly reflected from an idealized
rectangular step it transfers twice its tangential momentum, where

tangential refers to the average surface plane

Fig. 6

ep
f—
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On the basis of this simplified mechanisr, we have calculated
beam ACs of tangential momentum for surfaces containinag idealized
steps. These ACs depend on the anagle of incidence, step height,
and average distance between steps. The direction of steps on

the surface can also be taken into account.

As an example, take a fresh cleavage surface of rocksalt.
Details of the surface on an atomistic scale - even the sense of
steps - can be rendered visible by decoration techniques. The
experimental results of De Wainer |[11] indicate that about 30
upward und 30 downward steps must be expected per um. If the
steps run perpendicular to the propagation direction of the

arriving gas particles, one gets
a(e) = 43 tg - (43)
s

where h is the mean step height and ds the mean distance between
>
neighbouring steps. For h equal to the lattice constant (5.63 A

O

for rocksalt) and 9 = 60~ (location of maximum of the weight

function in eq. (37)

"

a (60°) X 0.1

Thus, remembering the conclusion of section 4, microscopic
roughness may set a severe limitation on the reduction of tangen-
tial momentum transfer. There are, however, no data available on
roughness of metallic surfaces on an atomistic scale. Moreover,
microscopic roughness is considered irrelevant to energy transfer

in gas-surface scattering.

9.2 Mass Ratios

Momentum and energy transfer in a binary collision between
free particles is governed by the mass ratio

~

e i




If M is the mass of a collision partner at rest prior to the

collision, the dependence on q is the following:

relative momentum transfer - T%a (45)
relative energy transfer N —4 (46)
(1+q) 2

These relations can, to a certain extent, be applied to gas-
solid surface scattering. Because of binding forces and lattice
dynamical effects, M should then be understood as an effective
mass which exceeds the mass of a single surface atom. If there is
an attractive potential in front of the surface, trapping occurs
in connection with an appropriate loss of energy. Trapping leads
to an increased transfer of both energy and momentum. Thus a
reduced effective mass of surface complexes may cause an increase
in momentum transfer (due to an enhanced energy transfer according
to (46) with m <M, which leads to more trapping) or a reduction
(in view of (45)). Both possibilities can be verified by
numerical calculations, depending on the incident energy and the

depth of the attractive potential well.

35

o dmimititdional, ¢ N L ot kel . 3
—~ - Lo VPP 70 EIR55 wEA 0\l -0 ST S S LVl 1 A o O YU




References

il

(8]

(V8]

14]

|61

M.B. Barbin

S.A. Schaaf
P.L. Chambré

M. Seidl

V. Lehmann

M. Hollstein

W. Neumann
M. Seidl
A. Walz

On the slip velocity and the friction
coefficient of liouid against the
wall,

Kolloidnyi Zhurnal 35 (1973) 328

Flow of rarefied gases
In: Fundamentals of Gas Dynamics
(H.W. Emmons editor), volume III,

Princeton University Press, 1958

This volume

Zusammenhang zwischen Gas-Oberfla-
chen-Wechselwirkung und den Randbe-
dingungen der Gasdynamik.

Symposium liber Gas-Oberflichen-
Wechselwirkung, Meersburg, Germany,
3.-5., May 1972. Symposium Proceedings
edited by Dornier System GmbH,

Friedrichshafen

Messungen zur Gas-Oberfldchen-Wech-
selwirkung mit einer UHV-Molekular-
strahlanlage und Gasreibungsapparatu-
ren. 1bid. See also M. Seidl, this

volume

Strémungs~ und Temperaturarenz-
schichten. Verlag G. Braun, Karlsruhe
1966, p. 18

36




E H.J. Lugt
S. Ohring

8 W.J.C. Miller

9' S.K.Loyalka

10 T. Klinc
I. Kudler

11 L.S. De Wainer

s

Laminar flow behaviour under slip-

boundary conditions

Forthcoming in Phys.Fluids, 1975

Parametric representation of beam
accommodation coefficients

In: Rarefied Gas Dynamics.,
Proceedings of the ninth internatio-
nal Symposium 1974 GOttingen

(M. Becker, M. Fiebig editors) DFVLR-

Press, Porz-Wahn, Germany, 1974

The slip problem for a simple gas
Z. Naturforsch. 26a (1971) 964

Slip coefficients for general gas-
surface interaction
Phys. Fluids 15 (1972) 1018

On a shadow decoration technique.
Thin Solid Films 21 (13974) S. 31




Measurements of Gas Surface Interaction on Well-defined Solid

Sur faces

M. Seidl and E. Steinheil
Dornier System GmbH

799 Friedrichshafen, Germany

ABSTRACT

Methods for the preparation of well-defined and reproducikle
single crystal and engineering grade solid surfaces controlled
by modern surface analysis techniques as well as measurements of
the interaction of gases with these surfaces are described. AES,
SIMS, LEED, electron microscopy and molecular beam technicues are
used for surface analysis and for the measurements of the inter-
action between gases and solid surfaces. Measurements of
tangential momentum accommodation ccefficient (TAC) were made by
the method of rotating cylinders and a newly developed micro-
balance technique. It was found that the TAC depends mainly on
roughness, surface contamination, and bulk composition. Rough and
contaminated surfaces yielded TAC-values of about 0.8 to 1.0. In
contrast,a smooth, clean, single-crystal surface of gold showed
values of TAC's below 0.1, the lowest values measured to date.
This way a perceptible reduction of drag in rarefied gas environ-

ment is possible.

Introduction

The aim of these investigations is to determine the limits and
possibilities for reducing friction between solid surfaces and
gases by special surface preparation. For this task, we first had
to prepare well-defined and reproducible surfaces. Five years ago

this was impossible because there were no surface analysis
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methods for determining the physical and chemical structure of
surfaces in the monolayer region. Now, due to the developrert cf
ultra high vacuum surface preparation technigues as well as cof
modern diagnostic methods such as Auger Electron Spectroscopy
(AES) , Secondary Ion Mass Spectroscopy {(SIMS), and Low Eneray
Electron Diffraction (LEED), these investications can be carried

out successfully.

Surface preparation and analysis

With AES (1) one can determine the elerentary chremrmical com-
positions 1in the uppermost monolayers. Often it is even possikle
to get guantitative information. SIMS (2) yields additional
information about chemical compounds and about elerents for which
AES is not very sensitive. Information about the structure of a

monocrystal is obtained by the application of LEED (3), (4).

These methods can be combined with suitable preparation
techniques such as argon ion bombardment (5), (6) and annealing
in ultra high vacuum. In this way it was found that the uppermost
ronolayer of almost any surface does not consist of the bulk
material but of a contamination film. Thus certain surface
properties measured in the past without application of these
advanced methods do not correspond to properties of the actual
bulk materials kut to specific contaminants. Therefore we had to
find ways for preparing clean surfaces or at least surfaces with

a defined contamination.

Generally a surface was initially prepared by grinding
mechanically with special sand papers or grinding powders. This
method resulted in a certain desired roughness. The state of the
resulting surfaces was generally documented by light microscopy, \
scanning electron microscopy, or by replicas. If a very smooth
surface was needed, a suitable method for electropolishing had

to be found. The samplc .'as mounted on a manipulator in an ultra
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high vacuum chamber where it could be examined with AES5 and LEED
or SIMS. Most often the combination of argon ion bombardment and
annealing in certain gas atmospheres or in ultra high vacuum

produced a clean surface in several steps.

The following figures represent typical surface structures:

Fig. l1a shows an electron microscope replica of a mechanically

polished copper surface. The grooves are about 1 .m wide. Fig. 1}
shows a replica of the game surface after a short electropolist.ira
The surface is fairly well smoothed but the grooves are still
identifiable. Fig. 1c¢ shows the surface electropolished for a
longer time. The grooves have cumpletely vanished. Fig. 1d shows
the replica of a copper film which has been epitaxially grown or

a rocksalt single crystal.

In Fig. 2 the lower curve documents a typical Auger spectrum
of a copper surface after electropolishing and installation in
the UHV-chamber. The copper peak in the represented energy range
is very small and many contamination peaks such as those of
oxygen, carbon, sulfur, and others appear. After the surface was
subjected to special cleaning orocedures, the contamination peaks

vanished and the copper peak was clear (upper curve).

The Auger spectrum of the same copper surface contaminated
with about 5 % carbon and 20 % oxygen or compcunds of them is
shown in Fig. 3. Compounds cannot be identified from an Auger
spectrum, but an additional SIMS spectrum (Fig. 4) of the same
surface gives the desired information. It does not show any
carbides or hydroxides but it does show oxides, carbon and hydro-
carbon molecules, and chlorine in a lower concentration. At the
moment it is not possible to analyze the SIMS spectra quantita-
tively because the physical processes are too complicated.
However, the capabilities of AES and SIMS complement each other

very well.
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Fig. 2: Auger Spectrum of a Clean and a Contaminated Copper
Sur face

Figs. 5a - 5c show LEED patterns. The upper picture shows the

fundamental lattice of a clean (100) single crystal copper surface.

If the surface still contains some adsorbed oxygen, additional
spots appear dependent on the oxygen dose, the temperature, and
the structure of the surface (Figs. 5b and 5c).

Measurements of gas solid surface interactions by different
methods

The SIMS, AES and LEED methods can be used to study the inter-
action of gases with certain solid surfaces. Adsorption or

desorption of gases is revealed by SIMS and Auger spectra as well
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as by LEED patterns. Microbalances, ellipsometry, or spectro-

photometers can yield additional information about these inter-

actions if needed.

Using these methods Dornier System found that a surface
becomes more inert if it is smoother or if it is doped with such
materials as carbons, certain hydrocarbons, or argon. Although
this work gives no information about the friction between gases
and solid surfaces, it does indicate the importance of main- 5

taining clean or defined surfaces. i

To get information about the possibilities of reducina

friction, the impact of gas particles on well-defined surfaces
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must be studied and the slip or momentum accommodation
coefficients must be measured. To do this a molecular beam

scattering apparatus was planned and set up (Fig. 6).

In the two chambers on the right a monoenergetic molecular
or atomic beam is produced by a nozzle and skimmers (7). In the
scattering chamber the beam impincges on the sample surface, which
has been prepared by argon ion bombardment, annealing, and the
help of AES and LEED. The scattered molecules, atoms, or ions are
analyzed by mass spectrometer and retarding field analyzer for
their angle and energy distribution. These investigations showed
that an atomic impact is closer to specular reflection the

smoother the surface is and the fewer adsorbed gases or
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Fig. 6: Molecular Beam Scatterinag Apparatus

contaminants it contains. Such measurements help to describe the
gas/solid surface interactions theoretically (see paper by

Dr. Bdrwinkel), but one question still rerained:

How do the measured effects influence the tangential
momentum accommodation coefficient (TAC) and, in this way,

friction?

Measurement of tangential momentum accommodation coefficients
(TAC)

To answer this question,the tangential momentum accommodation
coefficient had to be measured cuantitatively. Initially the

method of rotating cylinders (Fig. 7) was chosen.
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The apparatus consists of an outer cylinder driven by a motor
and an inner cylinder fixed to a torsion wire. The inner cylinder
is rotated along with the outer one by the impacts of gas
particles. A lamp and a mirror fixed to the wire were used to
measure deflections. From these deflections, we were able to
calculate the tangential momentum accommodation coefficients (8).

In this way values between 0.7 and 0.9 at pressures of about

1073

maesurements was not very good, however, because we had no chance

to 1 torr were measured. The reproducibility of these

to prepare well-defined and reproducible cylinder surfaces and no

occasion to analyze the surface by suitable methods such as AES,
SIMS, or LEED.




Fig. 8 shows an apparatus set up at Dornier System which
combines reasurements of momentum transfer from a monoenergetic
molecular beam onto solid surfaces with modern methods of surface
analysis and preparation in a single UHV-chamber. The specimen
is so mounted on the beam microbalance that it is rotatable and
that the angle of incidence between a molecular beam produced by
& nozzle beam arrangement and the normal of the plane surface can
be varied. In addition, the entire microbalance can be rotated to
allow measurements at different angles of incidence between
molecular beam and beam of balance, making it possible to sepa-
rate normal and tangential moment transfer. The rotation of the
microbalances also permits use of the equipment for surface
cleaning and preparation (such as by argon ion bombardment and
radiation heating) as well as for modern surface analysis instru-
ments (such as AES and LEED) which are mounted within the same

vacuum chamber.
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Fig. 8: Microbalance Technique for the Measurement of TAC
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So far the momentum transfer from a 0.05 eV Helium beam to
various single crystal metal surfaces as well as to poly-

crystalline (engineering) materials has been measured. Results

indicate that momentum accommodation coefficients strongly

depend on the material and the surface state, and that the TAC

e bt

can be greatly reduced in the lower pressure range by reducing

roughness and by avoiding adsorption and contamination.

Fig. 9 shows the TAC of Cu(100) plotted against the angle of L
incidence for various states of the surface. Curve 1 pertains to :
a surface treated with a grinding paper which resulted in f
grooves of 5 um. Curve 2 pertains to the same surface after '
electropolishing. This surface smoothing results in a reduction

of TAC from about 1 to about 0.7 at a medium angle of incidence.

After cas and contamination coverages had bheen partially 0

removed both surfaces had a reduced TAC (curves 3 and 4).

! Fig. 10 shows TAC's in the system Gold(111)-Helium. The single-
crystal surface was mechanically and electrolytically rolished un-
til a very smooth surface was obtained (structure similiar to that
shown in Fig. 1¢). This surface contaminated with carbon, hydro-
carbon, and oxygen yielded TAC's close to 1.0. After several
cleaning procedures consisting of argon ion hombardment and

vacuum annealing, the surface was almost completely cleaned and
the TAC was reduced below 0.1. This is the lowest value of TAC
measured to date.

In Fig. 11 some data for engineering grade surfaces are shown.
TAC values between 1.0 and 0.7 were obtained without any special »
surface prepraration. By some cleaning procedures the values for
the polycrystalline copper surface could be reduced below 0.5 .
while the TAC for tungsten, glass, and sapphire did not change

very much, probably because of the bad vacuum annealing behavior
after argon ion bombardment. The aging of shellac (for nearly

1 four days) had no noticeable influence on the TAC, either.
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All these investigations demonstrate the cgreat influence cof
the surface state on the TAC and thus on drag, but the measurc-
ments also showed another effect which could not bhe explaincd
definitely until now. This is the dependence of the TAC on the
angle of incidence, as shown in all the measurements. Fic. 12
shows measurements in the system He-Cu(100). An electrochemrically
polished copper surface was partially cleaned. The original curve
(before cleaning) and the resulting one (after cleaning) cross
each other. The explanation could lie in the effect of back-
scattering by atomic roughress, as indicated ty the little scherc
above the definition of the TAC. At a certain angle of inciderce
the particles can ke reflected in the opposite direction. The
term Pey in the definition then changes its sign and the TAC ravy

increase above one (Fig. 12).

Discussion

When a single-crystal surface of gold was specially prepared,
TAC values below 0.1 were reached. These are the lowest measured
values known to date and, according to the estimation of
K. Bdrwinkel (in his article) could mean a perceptible reduction
of drag. For a technical application there are two problems at

the moment.

1. The values are measured in a vacuum. The problem is to maintain
both a clean surface (without adsorbed gas layers) and low TAC
values at higher pressures. Polycrystalline gold does not show
any adsorption of oxygen or nitrogen at the Auger spectra up
to 10_4 torr. This is the pressure limit for Auger spectros-
copy. Nor was adsorption seen in the spectra after interaction
of this surface with air at atmospheric pressure and
subsequent evacuation. However, it is possible that an
adsorbed layer built up at atmospheric pressure desorhbs again
during the evacuation. These possible effects must be studied

with microbalances.
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2. The lowest values were measured on a single crystal surface.
The question is whether these values are possible at techniczl
surfaces, too. It was found that polycrystalline aold shows an
adsorption behavior similar to that of single crystal
surfaces with respect to oxygen and nitrogen but the TAC has

not been measured vyet.

At lower pressures, microroughness, and at higher pressures,
adsorption layers are the limiting parameters for a further

reduction of TAC and therefore of drag.

In contrast the energy accommodation coefficient is not
dependent on roughness. Reduction of heat transfer is alsc a
very interesting field of investigation because there are many
corresponding technical materials problems. A desirable goal for
the future will be the determination of the limits for the
reduction of the energy accommodation coefficient by special

surface selection and preparation as is being done for the TAC.
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Atomic Beam Scattering from Clean Crystal Surfaces

D. R. Frankl
Department of Physics
The Pennsylvania State University

University Park, Pennsylvania 16802
ABSTRACT

One of the basic problems in surface physics has been the deter-
mination of the crystallography of surface layers of atoms. The
primary tool used so far has been low energy eiectron diffraction, but
interpretation is difficult owing to penetration of the electrons into
the crystal. The present paper deals with the scattering of atomic
and molecular beams. The basic motivation is that penetration should
be drastically reduced by the large size and low energy of the neutral

incident particles.

In our apparatus, surfaces for study are prepared by cleaving single-
crystul samples in situ in the ultra-high vacuum scattering chamber. We
have studied helium scattering from two semiconductors (Si and Ge) and
several alkali halides, while various metal surfaces have been studied
in other laboratories. Metals generally give strong specular reflection
(of light gases) but no diffraction. The semiconductors were found to
give nearly diffuse scattering. The insulators, however, gave pronounced
diffraction, especially when the surfaces were clean. The results and

interpretations will be discussed.
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INTRODUCTION

There is much important information to be gleaned from the study of
atomic (and molecular) beam scattering from solids. 1In addition to the
information on gas dynamics (i.e., momentum and energy accommodation) which
is of primary interest in the present meeting, one may learn about the inter-
action forces,l about the phonon spectra of the solid2 about mechanism of
catalysis and surface reactions,3 and (hopefully) about surface structure
on the atomic scale, The latter question is most commonly attacked by the
use of LEED (low energy electron diffraction).4 However, despite the vast
wealth of data obtained, the detailed structural interpretation is only wvery
recently becoming possible. The reason for the difficulty is that even the
lowest energy electrons penetrate scme few layers into the target, so that
multiple-scattering calculations are required. Another method available for
structure studies is the FIM (field~ion microscope).5 However, here there
are also some difficulties, mainly that the range of materials is very limited
and that the observation is made in the presence of very strong electric fields.
Thus there is a definite need for still further methods. Atomic beam scattering
has several promising features for this purpose: the particles should be very

nonpenetrating and it is very broadly applicable.

DESCRIPTION OF APPARATUS

A schematic overall view of the apparatus is given in Fig. 1., The beam
is a so-called "nozzle beam," formed by expanding a gas through a nozzle from
a fairly high pressure into vacuum.6 The beam is roughly defined by a

"skimmer" (thin-walled conical aperture) then passed through a chopper, a
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velocity selector, a buffer vacuum stage and the final collimator (a pinhole,
0.5 mm diam.) into the scattering chamber. The latter is pumped, by a

titanium sublimation pump in parallel with a turbomolecular pump backed by

10

a small oil diffusion pump, to a base pressure typically in the low 10~ Torr

range. The surface for investigation is prepared by cleaving a single crystal
sample in situ. The sample can then be rotated about a fixed axis to vary

the angle of incidence and about the surface normal to vary the azimuth. The
detector, a quadrupole mass analyser, can be swung in planes parallel to the

plane of incidence and translated perpendicular to it.

CHARACTERISTICS OF THE BEAM

Most of our work has been done with “He cooled to about 80 K by means of
a liquid nitrogen jacket around the nozzle tube (see Fig. 1). With a 0.04 mm
nozzle, fairly high pressures can be run without flooding the exhaust pump.
Some resulting velocity distributions are shown in Fig. 2. It is seen that
a half-width of about 3% is obtained at the highest source pressure. The

wavelength is about 1 A.

In Table I, the parameters of this particular beam are compared with
those of a typical LEED beam.4 It is seen that the intensity and coherence
properties are more or less the same. The electron beam does, of course,
present great practical advantages in formation, handling, modulation, and
detection. Thus it is clear that atomic beams will never replace LEED as a
practical wide-usage method. However, as we shall show, there is reason to

believe that it will become a valuable companion method.
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GENERAL RESULTS
1. Metals

Scattering of various gases from metals has been widely studied in other
laboratories (though not yet in our apparatus). The surfaces are, of course,
not prepared by cleavage, but are cleaned in various ways. The general resultsg
follow a definite pattern7 which is typified by Fig. 3: the lighter gases are
reflected in a fairly specular manner while the heavier ones are scattered
more diffusely. 1In particular, with only very few exceptions, metal surfaces
do not show diffraction. The reason is believed to be that the free electrons
are readily able to smooth out the periodic structure of the interaction

potential.

2. Semiconductors

The first materials studied in our apparatus were the elemental semi-
conductors, silicon and germanium.9 Here there was neither diffraction or
specular reflection, just a broad and quite diffuse scattering distribution.
An example is shown in Fig. 4. Similar results had been obtained on siliconlo
and diamondll surfaces that were presumably somewhat contaminated. We found
that contamination due to aging for one day in the vacuum (2 X 10”% Torr)
was sufficient to make the scattering become almost completely diffuse.
However, even on the cleanest surfaces (i.e., those run within an hour after

cleaving), there was only a small degree of directionality.

The reason for the generally diffuse nature of the scattering probably
lies in the open structure of the diamond cubic lattice, in which both silicon

and germanium crystallize. A photograph of a hald-sphere model, shown in
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Fig. 5, illustrates the large open channels in which the incident atoms

might readily get trapped.

3. Ionic crystals
This class of materials has been the workhorse of the field for over
. . . . 1
four decades. Starting with the pioneering work of Stern's group, 2 strong
reflection and diffraction peaks were observed, and have been repeatedly

studied ever since.

Most of the previous studies were made on surfaces prepared by cleaving
the crystals in the room air before mounting them in the apparatus. Such
heavily contaminated surfaces gave only diffuse scattering. The diffraction
could be seen only after heating to drive off adsorbed water. Even then, it
was conjectured that the surfaces were still covered with an epitaxial water
layer, and optical (ellipsometric)measurementsl3 strongly confirmed this, at

least in the case of LiF.

One set of measurements14 was made on in-situ-cleaved surfaces, but the
vacuum was only 10" % Torr and the likelihood is that the surfaces got covered
before the measurements were made. 1In any case, the results were generally
similar to the others. However, in our measurements, after cleaving in 10™°2
Torr or better, the results were strikingly different. Before describing

them, we shall briefly review the basic ideas of diffraction theory.
REVIEW OF DIFFRACTION PRINCIPLES

For diffraction from a 3-dimensional lattice, the basic relations are

the "Laue equations"15
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> ->
k' = k + E(a) (l)
E' = E (2a)
or
h? ., h?
o X 2= Em k2 . (2b)

Here E and k are the incident energy and wavevector, respectively, E’ and K’
are the corresponding quantities of the outgoing particle, and E(a) is any
one of the (3-dimensional) reciprocal lattice vectors. The well-known
geometrical solution of this pair of equations is given by the "Ewald sphere"
construction; reciprocal lattice points intersected by the sphere give the

-
allowed k''s.

For two dimensions, the conditions are somewhat different. If we resolve

>
k into its parallel and perpendicular components

-+ > N
k=K+ k z P (3)
z

then *he Laue equations become

K' =K + &2 (4)
E' = E (4a)
Qr
E(K') + E = h? (K2+k %) (4b
z 2m 2 - )

Here E; is the part of the final-state energy of the particle associated with
its motion perpendicular to the surface plane. There are two cases to be
considered: E; may be either positive (particle reflected from the surface)
or negative (particle trapped in the one-dimensional potential well at the

surface).

04

- . s aa MEms P wid
Siliaiimanimaittinmoiistiihak s, |




Case A: E; > 0. The final state is a free state of the particle. Hence

h? 2
’ —_ ’
Ez T 2m kz ' (5a)
h2 2
o
E(K') = m K ’ (5b)

so the energy balance equation is again just Eg. (2b). But since Eg. (4)
is less restrictive than Eq. (1), more solutions are possible. The analog
of the Ewald sphere construction is shown in Fig. 6. All reciprocal lattice

points lying within the given circle give allowed I"s.

Case B: E; < 0. The final state is now a particle moving in two dimensions
(parallel to the surface) but trapped in the third. Equation (4b) may be

written
>
e(K’) = kK2 + k2 + |e;l . (6)

where

.

For discrete trapping states (i.e., discrete values of e;), Eq. (6) leads
to additional solutions lying outside the "Ewald circle." The loci of

these solutions in the K-plane depend on the form of the e(i’) relationship.

Case Bl: If the relation is free-particle-like, with an effective mass equal

to the true mass, then
e(‘i') = Kl2

and Eq. (6) is simply

o p——— e




S o A (9)

e : .
which is a circle centered at -G(?) with radius /e+lczl . Thus, the

>
experimental K values give both G(z) and Ez for the transition.

The transitions are illustrated in Fig. 7a. They obviously lead to an
extraction of intensity from any allowed reflections, including the specular
one. This was first observed by Frisch and Stern16 and was given the name
"selective adsorption." The theory just given is simply a rewording of that

7
of Lennard-Jones and Devonshire.l )18

Case B2: 1In the final state, the particle is moving in a two~dimensional

periodic potential. Thus, the general relation of € to ﬁ’ is not Eg. (8) but

*

E(K') = K’» [T--]-EE' (10)
m

where (1/m*) represents the reciprocal-effective-mass tensor. The situation

is illustrated in Fig. 7b. It is seen that the same transitions may occur,

-
but that the loci of their K values are not necessarily circles. 1In principle,

from the loci at several different incident energies not only the €, and

> -

¢(2) values but also the €(K') relationship in each bound state could be
determined. The latter would, of course, give much insight into the shape

of the periodic poter.tial, i.e., into the "surface structure" of the material.

EXPERIMENTAL RESULTS )N IONIC CRYSTALS

As stated above, some of the ionic crystals, especially lithium fluoride,
were extensively studied in the past. Both diffraction and selective adsorp-

tion were observed on surfaces "cleaned” by heating. Some of the important

recent work lincludes:

00




1. Comparative studies of the scattering of several gases.lg_22
. . L . 23
2. Measurement of diffracted intensities over a wide range of angles.
. . . . . . 24

3. Measurement of velocity distributions in the diffracted bames.
4, Observation of inelastic effects due to phonon absorption or

C 2

emission,

. . ) . . 25-27

5. bDiffraction and selective adsorption of monatomic H and O.

Our work on the ionic crystals has been concentrated mainly on the
selective adsorption effect. This was done for two reasons: (1) the initial
apparatus did not provide the angular precision needed for a really careful
diffraction study (though this has since been remedied), and (2) whereas the
diffraction from LiF was more or less the same as from the "heat-cleanegd"
surfaces studied in the past, the selective adsorption was strikingly
different. This can be seen by comparing the result328 shown in Fig. 8 with
typical previous ones such as Fig. 5 of Reference 20. The in-situ-cleaved
surfaces give sharper and deeper adsorption lines, with much more detail and
"fine structure.” The major lines obey Eq. (9) and there is evidence for
five different energy levels, three bound states and two positive-energy

resonances.,

To follow up on these results, it was decided to survey several of the
other alkali halides, to ascertain the effects of varying the lattice spacing
and ion-size ratio. An idea of the values of these parameters, according to

: 29 | . . . . 30
Pauling, is given in Fig. 9. Four of them have been studied so far, and

we conclude with a brief simmary of the results.
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The next smallest lattice after LAF is NaF. Figure 10 shows a sampling
of selective adsorption scans and Fig. 11 a K-plane plot of the minima. Most
of the points can still be fitted to circles, so it looks as if Eg. (9) still
holds. However, the energy values (EZ) deduced unfortunately show rather
little consistency, as is shown in Fig. 12. Therefore, the interpretation

seems a bit shaky.

The case of NaCl is even worse. Strong adsorptions do certainly occur,
as shown in Fig. 13, but there are so many of them that no clear cut fitting
of circles can be done. Finally, KF, which has nearly equal ionic radii and
might therefore be expected to display some degree of simplicity, is the worst
of all. The data are shown in Fig. 14, but little headway has been made in

fitting.

CONCLUSIONS

It seems evident that the results to date bring both bad and good news.
The bad news is that things are complex: little information of a simple
directly interpretable nature seems to be forthcoming. The good news, thouah,
is that the information is there, in abundance and great detail. The situa-
tion is somewhat comparable to that in LEED a decade ago, viz., an almost
embarassing wealth of experimental data. Thus, there seems a good likelihood
that atomic beam scattering will some day take its place as a partner of LEED

as a powerful tool for surface structure analysis.
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COMPARISON OF PARTICLE BEAMS

Electron Atomic

(typical) (PSU System)
Beam current (particles/sec) 103 10t}
Angular spread (rad) 1072 5x10° ¢
Flux (particles/sterad-sec) 107 10'?
Velocity {(cm/sec) 10® 10°
Particle density (em™®) 10’ 10°
Equivalent pressure at 300K (Torr) - 1x10~?
Energy resolution AE/E 107 %-10"3 §6><10‘2
Coherence length AZ = Z%% ~10? A 30 R
Coherence width Ax = 5%— ~10° R 5x10° &

s

Coherence volume (Ax)?(AZ) (cm®) ~10713 ~107%3
Degenera-v (rarticles/coh vol) 107° 1077
Intensity modulation Mech or Elec Mech
Deflection Elec or mag ———-
Detection efficiency ~1 <107
Background reduction Energy Time of flight
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Velocity distributions in “He beams expanded from various pressures
at 80K.




9 = T v B T T T -
ur v h
2'f | |
3.0 -
&
<
£ s} 4
£
g.-lo 1 ‘<
z s .
;!—‘, "4
£ Y"Q
32 B i 4
z Ne we . y
5|L i 1 r'ﬁ
° . : ] S . j

0 0 20 3. <2 50 €9 70 80 80
SCATTER'NG ANGLE. &, (DES) ; i

Figure 3. Typical angular distributions in the scattering
of rare gases from metals. Data for silver, after Saltsburg .
and Smith, reference 8.

Sampte l Speculor

Normai \.' A_B_i_r_e_ction

X

ts23hrs.
el

incident Beam
Direction

Figure 4., Typical angular distributions in the scattering of )
rare gases from clean elemental semiconductors. Data Yor “He
on silicon, after Houston and Frankl, reference 9. l




S e~ o

Fivure
[aree

5.

holes

Model ot

in

the

t hie
iy

diamoend-cubic

facy

(the cleavaye

lattice, Showing

tave b,




Figure 6. Two-dimensional analog of the Ewald sphere
construction. The light arrows show some of the allowed
+‘
K vectors.
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rTigure 7. Transitions involved in selective adsorption in a single trapping band.
(a) Figure for the case that the trapped particle is free in two dimensions. The
solid arrows are several possible K vectors and the dashed lines are the corres-
ponding K~ vectors., (b) Figure for the case that the trapped particle has a ten-
sor effective mass in the two-dimensional periodic potential.
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Figure 7 (Continued)
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Surface lattices of the various alkali halides.
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Figure 10. Selective adsorption data for “He on clean NaF.
After Meyers et al., reference 30.
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Figure 11. K-vectors for selective adsorption of “He on NaF. C(Curves are circles

centered at reciprocal lattice points in accordance with Eq. (9). After Mevers
et al., reference 30.
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INVESTIGATIONS ON FLUID-SURFACE INTERACTIONS AT THE
DFVLR-INSTITUTE "DYNAMIK VERDUNNTER GASE" AT GUTTINGEN

Ulf Bossel and Hubert Legge

Deutsche Forschungs- und Versuchsanstalt
fir Luft- und Raumfahrt
AVA - GO6ttingen
D-3400 Gdttingen, BunsenstraBe 10
Fed.Rep.Germany

This paper is a report on past, current and planned activities
at the Géttingen Institute of the DFVLR which deal with phenome-
na of fluid-surface interplay. The domain between the classical
macroscopic boundary layer treatment of the continuum and the
microscopic description of the elementary particle interactions
with solid surfaces are the target of our investigations.

This point is illustrated in Figure 1. Let the drag force be
representative for the overall aerodynamic effects caused by a
large number of interactions between gas molecules and the solid
surfaces of the vehicle. For a non-vanishing ratio of the sur-
face temperature to the stagnation temperature of the flow the
drag force is composed of the three contributions:

... a component due to the surface frictional forces, i.e.,
the exchange of tangential momentum between the gas flow and
the body,

... a normal force component, commonly called the pressure
force, due to the exchange of normal momentum during the
swface interaction and

... a component which has its origin in the acceleration, or
deceleration of particles on surfaces whose temperature

8 - e

T

N

> t—




m ——— , -

is not in equilibrium with thst of the incoming gas flow.
Internal degrees of freedom must be considered in this
temperature dependent phenomenon.

The overall drag force is thus not only dependent on the respec- {
[ tive body geometry, but is also affected by the body temperature i
; and the accommodation parameters.

It is certainly of interest to note that, if the coefficient for
the accommodation of tangential momentum is smaller than unity,
then the frictional contribution is also less than the value
indicated in Fig. 1. But since the accommodation coefficient for

normal momentum is then - as a rule of experience - also less

than one, the pressure contribution to the compound drag force

is increased beyond the value given. The overall drag force may
thus not be significantly effected by changes in the accommoda-
tion pattern.

Figure 1 thus suggests to us the ingredients for additional work
in the field. One should have

.o a sensitive balance system for the recording of minute
forces and force difference,

TN a flow generating system providing flow fields of desired
properties for wind tunnel type experiments, and

oo a system for preparation and diagnosis of the body sur-
faces exposed to the flow.

The first of those ingredients is available at the DFVLR. We
have, for some time now, operated a microbalance system of high
sensitivity. The installation of the balance in one of our low
density wind tunnels is schematically illustrated in Figure 2.
Results of experimental observations on spheres, Figure 3, flat
plates and cones can be found in a number of reports issued at
this institute (1,2,3,4).

88




The second author of this paper is presently investigating the
effects of wall to stagnation temperature ratios on the drag
coefficient as previously discussed. It seems that his results
closely follow the predictions, but it is too early to give a
comprehensive report on work in progress. A detailed publication
will appear within the next 12 months.

The data given so far were recorded by exposing the model to a
free jet flow field which bears with it the difficulties of re-
laxing and diverging gas motions.We feel that a molecular beam
would be of advantage for future studies since some of the
difficulties can be avoided in both experiment and data
analysis. We therefore put a considerable amount of work into
further developing the nozzle beam technique schematized in
Figure 4. First of all, the beam analysis was modified to take
into account the diverging nature of streamlines near the skim-
mer and the temperature anisotropy in the downstream end of a
free jet from which nozzle beams are extracted.

The principal results of this analysis which is decribed in
detail elsewhere (5,6,7 )are presented in the following figures
The are briefly:

..« 1in a diverging flow the beam density approaches an upper
limit when the skimmer diameter is increased (Figure 5),

... the beam density profile behind the skimmer is very
sensible to the perpendicular temperature T; at the
point of beam formation (Figure 6)

... the beam density profile is very sensitive to the depar-
tures of the expansion from the ideal isentropic laws
(Figure 7). In fact, a polytropic exponent of \%ff = 1.52
appears to provide an excellent fit of the experimental
data with the forgoing analysis for Nitrogen, Figure 8.

We further studied in some detail the phenomena leading to a
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degradation of the molecular beam as schematically illustrated
in Figure 9. As a function of the background pressure surroun-
ding the beam, Figure 10, and the density levels within the
beam itself, Figure 11, there seems to be a deflection of
particles out of the beam center into the evacuated surrounding
of the flow. The conclusion that molecular beams are not at all
"free molecular flow f£ields" can be inferred from some reports
issued at this institute ( 8,9 ).

Recently we have begun with time-of-flight measurements of
nozzle beams to complete the scenario of diagnostic devices
needed for a complete experimental verification of the presen-
ted beam analysis, or for the empiricaldescription of the pro-
perties of rarefied flows which are utilized in future experi-
ments on the fluid-solid surface interactions under realisti-
cally simulated conditions.

This addition to our flow diagnostic equipment together with a
recently purchased ultra-high vacuum chamber for surface prepa-
ration and analysis will enable us to conduct the experiments
specified at the beginning of this paper.
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A Review of Slip Flow in Continuum Physics

H.J. Lugt and J.W. Schot

Naval Ship Research and Development Center
Bethesda, Maryland 20084 U.S.A.

ABSTRACT

In the study of fluid-solid surface interactions the
concept of slip of a lluid at a solid wall serves to describe
macroscopic effects of certain molecular phenomena. Macro-
scopic slip may be divided into the following two types:

(1) Real slip, for which molecular interactions cause slip to
take place in the bulk fluid, such as in the rarefied gas
regime; in flows through minute capillaries and porous media at
atmospheric pressures if the dimensions of the pores are
comparable to the molecular mean free path of the gas; in
certain non-Newtonian fluids; and in mass diffusion theory.
(2) Pseudo slip, which corresponds to the use of fictitious
slip conditions to obtain useful models for complicated flow
problems, such as those involving suspensions and liquid flows
over permeable material and grooved plates. A review of the
occurrence of slip flow, its history, its technological
importance, and its place in continuum physics is presented
along with a collection and discussion of known slip flow
solutions of the basic equations of motion.
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1. General Remarks

At the First Symposium on Fluid-Solid Surface Interactions

the fluid dynamical implications of perfect slip on incompressible
fluids were reported by one of the authors (Lugt, 1973). In
contrast to the well-established usage of the nonslip boundary
condition for viscous flow problems, it appeared that the perfect
slip condition did not apply to realistic flow behavior

(Goldstein, 1965, p. 679). However, further investigation of the
role of the boundary conditions between a solid surface and an
adjacent fluid revealed that a considerable amount of literature i
exists on various types of slip flow. This literature is growing
not only in response to the challenge of understanding flow
phenomena in new physical environments, such as in the rarefied
atmosphere of outer space, but also in response to man-made
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changes in the physical structure of solid surfaces which can
alter the interactions between the fluid and the solid. Such
changes in the physical or chemical properties of either the
solid or the fluid certainly necessitate at least a re-examination
of the boundary conditions imposed in mathematical formulations
of flow problems. The purpose of this paper is to present a
short survey of the literature in an attempt to clarify the
significance of slip conditions within the realm of continuum
physics. Although the literature cited is by no means complete,
ﬁ it is hoped that this review will provide an introduction to the
state-of-the-art of slip flow analysis in continuum theory.

1.1 Occurrence of Slip

Today fluid dynamicists are familiar with the concept
that, when a viscous fluid moves relative to a solid-body surface
or to a different immiscible fluid, the fluid particles adhere
to the solid boundary or to the boundary of the other fluid.
Although this condition of '"nonslip" at the interface is a valid
description of most fluid motions, there are a few areas, however,
in which the nonslip condition does not agree with observations
or is not a satisfactory model for certain flow phenomena.
Instead, a nonzero velocity of the fluid, or "slip", at the
boundary must be assumed. The motion of a fluid with such slip
behavior is called simply "slip flow". In the limiting case of
maximum slippage or '"perfect slip" the wall shear stress is zero.
Thus, nonslip and perfect slip are the limiting cases of the
range of possible amounts of slip that can occur at a solid
surface.

Slip occurs for gases when the molecular mean free
path is of the order of a characteristic geometrical dimension
of the solid. In an analogous way the temperature at the surface
exhibits a "jump'" behavior under the same conditions. Hence,
velocity slip and thermal jump in rarefied gases can occur either
in exterior flows, such as hypersonic flow at high altitudes, or
interior flows such as those in gas centrifuges. Here one may
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distinguish between slip which occurs over the entire surface
of the body or container and slip which occurs locally. An
example of local slip appears in hypersonic edge flow as shown
in Figure 1.

INTERACTION
REGIME
SHOCK FORMATION 6
REGIME SHOCK

TRANSITION
: REGIME
CONTINUUM
REGIME

""'.'.".""""'."'.""""""."""""'""""‘V"""."'.""'.'.'.'
R R

SLIP FLOW AND

TEMPERATURE JUMP NONSLIP

Figure 1: Hypersonic flow past the leading edge
of a flat plate.

The above-mentioned condition for slip flow, that is
the comparable magnitudes of the mean free path and body geometry,
is not restricted to rarefied gases. This condition can also be
fulfilled under atmospheric pressure if the characteristic length
is minute. For instance, slip occurs in flow through porous
media when the pore size is of the order of the mean free path
(Carman, 1956, p. 62). Moreover, there is some indication that
slip has also been exhibited for liquids flowing through capil-
laries (Schnell, 1956; Barbin, 1973).

For the description of mass diffusion in liquids, in
particular for self-diffusion, a "hydrodynamic'" theory has been
developed which uses the limiting case of perfect slip to model
this molecular phenomenon (Bird, Stewart, § Lightfoot, 1960,

p. 514). Experiments have shown that in this theory perfect
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slip describes flow phenomena better than nonslip. The concept
of slip is also applied in the field of rheology. Certain non-
Newtonian fluids, such as solutions of high polymeric substances,
exhibit the behavior of slip (Oldroyd, 1956, p. 659). ]
These examples are representative of real slip flow
because the molecular interactions at the boundary cause macro- :
scopic slip to take place for the bulk fluid. However, fictitious
| slip conditions are also used as simplifying hypotheses in
modeling intricate flow problems such as those involving porous
walls or grooved plates and fluids with suspensions. Beavers
and Joseph (1967) have used this type of pseudo-slip condition in
describing the flow of a viscous fluid over a porous wall. Their

experiments show that due to the penetration of the moving fluid
into the permeable material, a transition region is formed
within the wall and a nonzero velocity exists at the boundary,

as illustrated in Figure 2a.

SOLID WALL
u
e
vw
W { PORQUS WALL
NTRTAA
a

Figu?e 2. Pseudo slip over porous walls and grooved plates.
(Fig. 2a is from Beavers § Joseph, 1967; Fig. 2b is
from Taylor, 1971.)

The models for handling boundary conditions for
porous materials are also applicable to grooved plates (Taylor,
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1971). As shown in Figure 2b, a pseudo-slip condition can be
applied to the case of a liquid flowing between a moving solid
plate and a fixed, grooved plate, where the motion is parallel

to the grooves. Even though the nonslip condition physically
prevails at the solid surfaces, the average effect at the surface
determined by the tops of the ridges is a slip flow due to the
nonzero velocities of the fluid flowing within the grooves.

Another type of pseudo slip occurs whenever the
viscous boundary or shear layer is replaced by an infinitely thin
vorticity sheet in models based on an ideal fluid. There is
then a discontinuity in the values of the velocity components
from zero at the wall to a nonzero value in the adjacent inviscid
fluid. Similarly, this jump in velocity also occurs at the
border of a flowing jet of an inviscid fluid and its surrounding
medium.

An even more physically interesting example of pseudo
slip arises in the modeling of surface waves of a viscous liquid
adjacent to a gas. The boundary condition that the shear stress
of the liquid should equal that of the gas at the surface can be
approximated quite satisfactorily by setting the surface shear
stress to be zero. This is nothing else but the perfect slip
condition. Approximations of this condition have been used
recently in the numerical calculation of free surface flows
(Hirt and Shannon, 1968).

1.2 Brief History of Slip Flow

The historical development of the slip concept reveals
the difficulties and controversies which have arisen in the
attempt to understand fluid-solid surface interactions. The
concepts of fluid resistance and shear stress are intimately
connected with these interface phenomena. Yet, in contrast to
the idea of resistance, the explicit recognition and formulation
of fluid adherence and slip occurred late in the history of
science, It is probably safe to say that in earlier times drag




was attributed completely to forces normal to the body surface,
or to equivalent concepts prior to Newtonian physics. The work
of Aristotle, Buridan's impetus theory, and Leonardo's

compressibility arguments must be viewed from that standpoint.
After the time of Newton, who implicitly used the

adherence condition for viscous fluids (Nemenyi, 1962, p. 73), 3

it was Daniel Bernoulli who in 1738 first asserted that a real

fluid could not slip freely over a solid surface (Goldstein,

1965, p. 676). However, the mathematical formulation of fluid

dynamics by Euler and d'Alembert was basically inviscid, that is,

there was no provision for prescribing the velocity components

tangential to the body surface. Characteristically, the first
explicit evidence of adherence did not come from a theorist but
from the hydraulic engineer, DuBuat (1786). This fact is
indicative of the gap which existed between theoretical fluid
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dynamics and hydraulics, a dichotomy which was to last throughout
the 19th century, and which was due to the serious discrepancies
between theoretical results based on the concept of an ideal

fluid and experimental results obtained for real fluids.

After DuBuat, as recounted by Goldstein (1965, p. 676),
three different theories were proposed to explain the physical
conditions taking place at the interface between a moving fluid
and a solid. One was the assumption of the nonslip condition, !
i.e., that the velocity of the fluid at a solid surface is the
same as the solid itself. Coulomb subscribed to this hypothesis
and from his experiments he concluded in 1800 that the nonslip
condition was independent of the nature of the solid. In 1818 f
Girard proposed another theory, namely that a very thin layer
of fluid remains completely attached to the wall but that at the
outer boundary of this layer the fluid slips over it. He also
assumed that the thickness of the layer depends on the curvature .
of the wall, on the temperature, and on the nature of both the
solid and the liquid. The third hypothesis was adopted in 1823
by Navier who deduced from molecular considerations that there ;
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is slipping at a solid boundary, and he derived the slip

v

condition Bv = o (See Section 2.2 for notation.)

In 1851, after considerable vacillation, Stokes
decided on the adoption of the nonslip condition, and extensive
experimental work followed in the years between 1850-1870 which
culminated in the acceptance of the nonslip condition for
ordinary gases and liquids, whether the solid surface is wetted
or not. By that time the theory of viscous fluid flows at
vanishing Reynolds number was well established based on Cauchy's
formulation of the shear stress in 1827 and on Stokes' pio-
neering work in the 1840's. The discrepancy between inviscid
flow theory and hydraulics for high Reynolds number flows still
persisted even after Stokes' work and Helmholtz's introduction
of a discontinuity sheet (1868). This problem was finally
resolved by Prandtl in 1904 with his boundary-layer concept
which introduced a thin viscous layer between the solid surface
and the inviscid outer field, thus forming a transition region
extending from the wall, where nonslip holds, to the gliding
inviscid boundary. It is worth recalling that Girard's theory
had some similarity to Prandtl's boundary layer concept.

The first experimental evidence of the existence of
slip was obtained one hundred years ago by Kundt and Warburg
(1875) who made an important discovery. They found experi-
mentally that the damping of a vibrating disk decreases at low
pressures of the surrounding gas. They correctly interpreted
this result as slippage of the gas at the surface of the disk.
Maxwell developed a gas kinetic theory for this slip phenomenon
in 1879. The temperature condition analogous to slip was
suggested by Poisson (Kennard, 1938, p. 311) and experimentally
verified by Smoluchowski in 1898,

As already stated, slip occurs if the mean free path
of the gas molecules is of the order of a characteristic length
associated with the solid. Thus, slip occurs in rarefied gas
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flows and in gas motions through capillaries at atmospheric i

pressure if the tube diameters are comparable with the mean
free path. The latter possibility was first recognized by ,
Adzumi (1937). |
The first decades of this century produced extensive
experimental and theoretical work in the field of internal
rarefied gas flow (Kennard 1938, p. 298). Brillouin introduced

the use of the Boltzmann equation in 1900 for slip flow calcu-
lations (Truesdell, 1952, p. 246). The development of external
rarefied gas flow is closely linked with the exploration of high
altitudes and outer space. In the thirties two papers on this
subject appeared by Zahm (1934) and by Sanger (1938). However,
the study which triggered continuous interest in rarefied gases

was the work by Tsien (1946). Since then, a flood of papers on
slip in rarefied gases appeared. (See Chapter 4.)

Slip flow in rheology was probably first explicitly
introduced by M. Reiner (1930) in setting up a constitutive
equation relating liquid viscosity with shear stress. However,
investigations of non-Newtonian fluids can be traced to much
earlier work which included considerations of adherence and slip.
(Coleman, Markovitz, § Noll, 1966, p. 88.)

In the last decade two new developments in slip flow
have taken place. One is the application of the slip concept
to flows over porous or grooved surfaces, a type of flow for
which the term '"pseudo slip'" was coined in Section 1.1. This
development apparently started with the paper on the flow of i
é liquid water over a permeable surface by Beavers § Joseph (1967).
G.I. Taylor (1971) used grooved plates to model slip flow over
{ such porous material. The second development is the attempt to
influence fluid-solid surface interactions by special treatments
of the solid surface. This fascinating advancement for man-
made slip became possible with the advent of improved techniques
in measurement, such as Low Energy Electron Diffraction, Auger ?

spectroscopy, and Nuclear Magnetic Resonance, in obtaining X
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molecularly clean surfaces, and in vacuum technology. The
initial results on this effort have been and are the subject
of these two Symposia on Fluid-Solid Surface Interactions.

1.3 Importance in Technology

There are enormous technological advances to be
gained from improved understanding and control of fluid-solid
surface interactions. Examples of anticipated breakthroughs in
military applications, in the chemical industry, and in the
manufacture of high-strength, high-performance materials are
presented elsewhere in these Proceedings, especially in the
paper by Hoff. Slip flow, whether involving real or pseudo
conditions, forms a small but important part of the total effort
in this new field of interface research and its application
in science and industry.

Practical applications of real slip flow arise both
in external and internal flow situations. Of these the most
significant and best-explored example at present is the appli-
cation of the slip concept in rarefied gas dynamics. Specific
developments are underway or foreseen to determine and improve
drag and heat reduction of high-altitude aircraft, space
vehicles, re-entry bodies, and rockets (see Hoff's paper). It
is in these areas that manufactured slip will probably find its
first engineering application. Estimates on how far slip flow
can be extended to higher densities, that is to lower altitudes,
are given in Barwinkel's paper in these Proceedings.

The knowledge of internal slip-flow behavior is of
value for controlling the meridional flow circulation in ultra-
high gas centrifuges (Krause, 1970). Other internal slip-flow
applications are foreseen in the better understanding of the
borderline region of gas flow and gas diffusion in very fine
porous media and capillaries (Carman, 1956). In such materials
the slip property of certain non-Newtonian fluids can become
crucial, for instance in physiology (organic tissues and mem-
branes) and in lubrication. Polymer solutions, which play an
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important role in drag reduction due to their damping effect

in turbulent boundary layers, may also have slip characteristics
which affect the laminar sublayer (Oldroyd, 1956, p. 659).

The concept of pseudo slip as applied to discontin-
uities in inviscid fluid motions of course has had its place
in fluid dynamics since the days of Helmholtz. Books on shocks,

wakes, waves, and cavitation deal to a great extent with this

H concept.
Pseudo slip in viscous fluids, which is used for

liquid or gas flow over porous and grooved surfaces, has

recently attracted the attention of engineers in the field of

lubrication. Several research papers are cited in Section 3.

2. Basic Concepts Bk

2.1 Continuum versus Molecular Aspects ';

Although the border between two distinct media or
between two different phases of a material is geometrically
two-dimensional, in reality the transition from one medium to
the other occurs in a thin three-dimensional layer. This
transition region is determined and described by the forces of
the interacting atoms and molecules. Usually, an intermediate
layer of contaminants between fluid and solid exists which is
loosely structured or amorphic and which does not behave like a
well-defined crystal structure. Hence, any theory on fluid-
solid surface interactions must be based ultimately on the ;
concepts and laws of the microscopic or molecular level. The
link to the phenomenological or macroscopic level can be
achieved either by an integrated process of the microscopic
phenomena, as in the kinetic theory of gases through the solution
of the Boltzmann equation, or by the continuum-physics approach. !
In order to exploit the advantages of the continuum theory the

question arises: how good a model is the continuum concept? To
answer this question the various regimes of fluid flow must be
identified.
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The flow characteristics of a gas are essentially
determined by the ratio of the mean free path A to a character
istic length of the body L. This ratio is called the Knudsen
number

Kn = /L . (

According to Schaaf § Chambré (1961) one may distinguish the
following flow regimes

Continuum flow : Kn < 0.01
Slip flow : 0.01 < Kn < 0.1
Transition flow : 0.1 < Kn < 3
Free-molecule flow: 3 < Kn

In the continuum-flow regime, fluid-solid surface interactions
are built into the nonslip conditions, that is, velocity and
temperature of the gas adjacent to the solid surface must be
the same as those of the solid surface. The basic equations
of motion are the Navier-Stokes equations. In the slip-flow
regime the application of the continuum theory, that is the us
of the Navier-Stoke. equations, is by no means obvious.
However, it is now generally agreed upon (Street, 1959; Sherma
1969) that the Navier-Stokes equations can be used if bulk
slip-boundary conditions are considered. At a distance of the
order of x from the wall, in the so-called Knudsen layer, the
continuum approach does not hold. lowever, by introducing
extrapolated values for the slip velocity and the wall tempera
ture from inside the flow field, the continuum theory can be
used in the entire flow field. See Figure 3. A relation
between these fictitious and the real quantities at the wall
must be obtained with molecular theories. Details can be foun
in Barwinkel's article and in the survey paper by Miller (1974
Unfortunately, there is much less known about liqui
solid surface interactions than about gas-surface interactions
A theory for describing molecular random behavior is funda-
mentally different from and apparently easier to formulate
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Figure 3: Definition of the extrapolated gas temperature T0
at the wall, the '"microscopic'" gas temperature T. at the
wall, and the wall temperature T, of the solid.

than that encompassing the ordered structure of liquids
(Hughel, 1965). For a number of years the technique of Nuclear
Magnetic Resonance has been used to study substances absorbed
on solid surfaces. In particular, the mobility of water mole-
cules held on a surface has been investigated to obtain informa-
tion on wettability (Clifford § Lecchini, 1967). However, a
satisfactory theory which bridges the molecular and macroscop:-
approaches does not yet seem to exist.

In order to describe the bulk phenomena of liquid-
surface interactions the laws of continuum physics are used
with a provision for slip in the form of an empirically obtained
slip coefficient. In this way the flow of water through capil-
laries with hydrophobic and hydrophilic surfaces was investi-
gated by Barbin (1973). Slip for non-Newtonion fluids was

incorporated into constitutive equations by Oldroyd (1956, p. 659).

It is anticipated that continued research into the molecular
structure of liquids at solid surfaces will open the way for
other applications of slip flow in continuum physics.
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2.2 Notation and Definitions

Fluid motion in continuum physics is described by the
conservation laws of mass, momentum, and energy. In addition,
constitutive equations which describe the properties of matter
(such as the equation of state for a gas) must be given. Conser-
vation laws and constitutive equations specify the relationships
among the velocity vector V, the pressure p, the density p, the
temperature T, and the coefficients of matter like the dynamic
viscosity u, the kinematic viscosity v, and the thermal conduc-
tivity k, etc. By assuming linearity between the stress and
deformation tensor one arrives at the Navier-Stokes equations.

A further quantity of physical and numerical importance is the
vorticity vector defined by 3 = curl v. For the following
discussions it is convenient to write the shear stress and the
vorticity of a two-dimensional flow in intrinsic coordinates
(n,s) (Milne-Thomson, 1968, p. 648) as follows

3V

T/u="§ﬁ'KV, (2)
A%

(u="é—n-+!<v, (3)

where v is the velocity component in the s-direction, x the
curvature of the lines of n = const. See Figure 4.

If one writes the basic equations in dimensionless
form, a set of flow parameters occurs. The most important ones
for the discussion of flow behavior under slip are

Re = UL/v, Reynolds number, (4)
Ma = U/c , Mach number. (5)

Here, U is a characteristic velocity scale, L a characteristic
length scale, and ¢ is the velocity of sound. These two
parameters can be related to the Knudsen number in the extreme
cases of high and 1low Reynolds numbers (Tsien, 1946).

For Re >> 1: Kn - Ma/vRe |, (6)
for Re << 1: Kn ~ Ma/Re . (7)
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Figure 4: Intrinsic coordinates.

Incompressible fluids are of special interest
mathematically since the Navier-Stokes equations are then not

coupled with the energy equation.
2.3 The Boundary Conditions at a Solid Surface

Suitable boundary conditions for the basic equations
of motion must be prescribed to specify the physical problem,
Here, the boundary conditions at the solid surface are of main
interest. In addition to the kinematical condition that the
velo.ity component of the fluid normal to the surface is equal
to that of the body, the tangential components of the velocity

and the temperature are specified by

> > _ T S$1i diti
B(vw - vB) =] 1y ip condition, (8)
y(T0 - Tw) = qy Temperature- jump (9)
condition (Tsien, 1946).

Here 8 is the slip coefficient, y the temperature-jump
. . > . .
coefficient, Vi the velocity vector tangential to the wall,
VB the velocity vector of the moving body tangential to the wall,
W the component of the wall-shear stress in the direction of
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Vw - ¢B with 3 the unit vector, TO the temperature defined in
Figure 3; Tw is the wall temperature of the solid, and Ay the
heat transfer at the wall, where Qy = k(aT/an)w. In most
cases the reference frame of the flow is fixed to the body so
that VB = 0, In equation (8) the creep velocity is neglected
(Kennard, 1938, p. 327). For the limiting case of nonslip,

B8 = » in equation (8); for the other limiting case of perfect
slip, # = 0 and hence Ty 0.

It is important to point out that the physics
contained in equations (8) and (9) lies outside the realm of
continuum theory. This information must be provided either by
experiments or by a molecular theory (see Section 2.1). It may
also be mentioned that through equation (8) the fluid flow is
influenced by the solid surface (via 8) but not vice versa.
Furthermore, equation (8) was derived from molecular theories
by Navier and later by other investigators (sece Muller, 1974)
for plane walls only. Indications are that this equation can
be verified for curved surfaces as well (Lehmann § Mﬁller, 1974) .

Many flow characteristics like separation, instability,
force and moment coefficients are described by the surface
vorticity and the surface vorticity flux., The generation of
vorticity and vorticity flux at the surface depends greatly on
the boundary condition (8). Here, it is pointed out that
according to equations (2} and (3) rw/u is not equal to Wi+
In the limiting case of perfect slip, w0 but wy = 2ev.

This means that in general perfect-slip flow cannot be equated
with potential flow (see Section 3.6). For flat surfaces with
k = 0 the surface vorticity vanishes under perfect slip.
However, this does not mean that the flux (am/an)w, which
contributes to drag, 1ift, and torque, also vanishes (Lugt,

1973).
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3. Laminar Incompressible Flows

3.1 Closed-form Solutions of the Navier-Stokes Equations

Closed-form solutions of the Navier-Stokes equations
are rare and limited to simple flow configurations (Schlichting,
1968, p. 76). These solutions can easily be modified to include
slip effects. Some examples are given to demonstrate the
influence of slippage.

The steady flow through a straight pipe of circular
cross-section is described by the Hagen-Poiseuille solution.

If PP, denotes the pressure drop along the pipe length

ity v 4 d/2
z,-2) = L, the mean velocity v, = ; f /

LRI TR DD U

vz 2nrdr is

——

_P1°Py (dz d

v, =1 Gzt 1@ (10)

where d is the diameter of the pipe (Lamb, 1945, p. 586). Here
cylindrical coordinates (r,¢,z) are used and vr,v¢,vz are the
corresponding veclocity components. For nonslip, B = =, the
well-known solution, usually found in textbooks, is retrieved.
Near perfect slip, 8 = 0, the pressure loss approaches zero in
a linear manner:

p,-p, = 8 for 8 0. (11)

In a similar way slippage can be included in the
plane Hagen-Poiseuille flows and in the plane and axisymmetric
Couette flows. These solutions (with slip) have been used ‘
recently to study flows over porous walls (Beavers § Joseph,
1967; Beavers, Sparrow, § Magnuson, 1970). As an example the |
constant flow between two rotating concentric cylinders with the |
inner and outer radius ry and Ty and with the constant angular !
velocities Q; and 2 is given. 1If slip is permitted at the |

inner cylinder (Krause, 1970) the boundary condition (8) yields
3V¢ V¢
S0y TG ) (12)
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With the nonslip-boundary condition at the outer cylinder

r=rg: v¢ = rOQO (13)
the velocity is:
2 2
Q:-0,)T Q.-Q.)r.
v, = 5_17_9__1__ L ]e,- E_j;_ﬂl_ij_ r . (14)
¢ T 2ur
1-Lan 2 r2p2. 0
;g B ry 0 i r

If the outer cylinder or both cylinders slip, similar expressions
can be derived. For perfect slip, g=0, the fluid rotates like a
solid body, and the torque on the cylinder is zero. It may be
pointed out that near 8=0 the torque depends linearly on 8.

For the stagnation-point flow a similarity solution
of the Navier-Stokes equations exists (Schlichting, 1968, p.91).
In the axisymmetric case the assumptions

v, = r/aV ¢'(€), v, = -2/aV ¢(¢) (15)
with ¢ = VYa/v z 1lead to the ordinary differential equation
¢+ 249" - ¢12+ 1 =0 (16)

with the boundary conditions

£=0: ¢ =0, B*%' = ¢'', 17
g=w: ¢' = l’ ( )

1/2
where a is a constant and g* = %(%) the dimensionless slip
coefficient. For nonslip the solution is given in Schlichting
(1968, p. 91); for perfect slip the solution coincides with the
potential-flow result

v, =ar, v, = -2az . (18)

For g*=10 Lin § Schaaf (1951) obtained the solution which is
displayed together with the nonslip and potential-flow solutions
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in Figure 5.
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Figure 5: Axisymmetric stagnation-point flow. Nonslip,
potential flow, and slip with £%=10 are considered.

An unsteady flow solution of the Navier-Stokes
equations exists for the Rayleigh problem, that is for the
impulsive start of an infinite flat plate with a constant velo-
city parallel to itself. In this case the equations of motion
degenerate to the heat transfer equation

TSV —7 (19)
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where t is the time, and x,y are Cartesian coordinates parallel
to and normal to the plate, respectively. The solution is
discussed in Section 4.1 in connection with the physical

meaning of slip flow at the singularity t=0 when the shear stress
is infinite under nonslip.

It can be argued that other singularities which occur
in solutions of the Navier-Stokes equations are instances in
which the continuum concept breaks down. For example, flows
past wedges under nonslip cause an infinite shear stress (and
an infinite pressure) at the tip (Lugt § Schwiderski, 1965).
Here, slip flow should probably be considered also.

3.2 Stokes and Oseen Flows

If viscous forces dominate over inertial forces,
that is when Re < 1, the approximations by Stokes and Oseen
permit closed-form solutions of the equations of motion. The

classical example is that of a steady flow past a sphere. The

solution is due to Basset, and the drag D is

Br0+2u
D=6 nur, U

0 Br0+3u ’ (20)

where Ty is the radius of the sphere and U the constant main
flow velocity (Happel § Brenner, 1965, p. 126). It is interesting

to observe that for the sphere the two limiting cases of nonslip i
and perfect slip cause drag values which differ only by a factor
of 2/3. This is in contrast to the examples of planar and pipe “
flows presented in Section 3.1 in which perfect slip resulted in "
flows without dissipation. Obviously, the value of 3w/3n at |
the surface vanishes in these cases, whereas in the case of the
sphere motion the vorticity flux is nonzero, even under perfect
slip. An examination of the pressure and the friction part of
the drag reveals that under perfect slip the pressure drag is
even larger than under nonslip. If one introduces the drag

. . 2. . _
coefficient CD defined by D/(p/2)U"n with CD°CDP+CDF’ the
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contributions due to pressure and friction, respectively, then
for

nonslip: CDPRe=8’ Re=16

CoF

perfect slip: CDPRe=16’ CDFRe=0

(21)

The larger CDp-value is due to the contribution of the surface
velocity. There is even a case known in the literature where

the drag is larger for perfect slip than for nonslip (Lugt, 1973).

For disc-like bodies (oblate spheroids) of 5% thickness the drag
coefficients are

nonslip: CDPRe=18.891, CDFRe=1.504

perfect slip: CDPRe:ZS , CDFRe=0

(22)

For prolate spheroids and slightly deformed spheres
where ¢ << 1 is the deviation from the unit radius, Hu (1973)
determined the torque under perfect slip. The torque T for
the sphere under nonslip 1is

T = -8 Trur:5

0% (23)

whereas under perfect slip T = 0. For the spheroid under perfect
slip, the torque 1is
T=- 32muriacZe 0(e3) . (24)

The limiting cases of nonslip and perfect slip for
flows past bodies at Re < 1 have become of interest in the
studies of molecular diffusion (Bird, Stewart, § Lightfoot, 1966;
Zwanzig § Bixon, 1970; Hu, 1973).

For steady two-dimensional flows around bodies with
Re < 1 the Oseen-approximation has been used to overcome the
Stokes paradox. Tsien (1946) and Atassi § Shen (1968) studied
the slip flow around a circular cylinder. Their result

Re = 4n/(In R% - 1.28 + g (25)

0

C

D

"
;
|




does not appear to be correct since it gives CDRe=0 for
perfect slip. The analysis of the sphere case and of the
elliptic cylinders discussed in Section 3.4 reveals that the
vorticity flux must produce a nonzero drag, even under perfect
slip.

Recently Hocking (1973) studied the flow between two
solid surfaces approaching each other, for instance the motion
of a sphere close to a wall or the motion between two spheres.
In order to obtain contact in a finite time under a finite
force Hocking had to introduce slip.

The pseudo slip achieved with porous or grooved
surfaces was studied by Richardson (1971) for grooves and by
Prakash and Vij (1974) for porous journal bearings. Sparrow,
Beavers, § Hwang (1972) showed that the response time and the
load-carrying capacity of squeeze films are diminished by slip
of porous surfaces.

The slow-motion inlet flow in a pipe was studied by
Abarbanel (1968). However, the author did not use the boundary
condition (8) but the relation Vi = const.

For the finite-flat plate problem Laurmann (1958)
linearized the Navier-Stokes equations through a perturbation
technique in 1/Kn and found a closed-form solution.

Solutions for time-dependent flows under the restric-
tion of Re < 1 have been constructed to study oscillating visco-
meters (Macwood, 1938 a and b; Shah, 1971). For given values of
the logarithmic decrement and the oscillation period the
viscosity u and the slip coefficient 8 can be determined.

3.3 Boundary-layer Flows

For high Reynolds-number flows the boundary-layer
approximations can be made in many flow problems. The classical
problem is the flow past a semi-infinite flat plate which is
described by Blasius' similarity solution (Schlichting, 1968,

p. 126). The assumption
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ve = U (8), vy, = /20 Besree), 6 s w2ty (26)

leads to the ordinary differential equation
'+ gt = 0. (27)
For nonslip the boundary conditions are
£ =0: ¢ =2¢'=0, £ == ¢ =1. (28)

However, the slip condition (8) is not compatible with the
similarity assumption (26). This is in contrast to the similar-
ity solution of (16) and (17) for which the slip condition can
be incorporated. Clauser (1956) has presented Blasius' velocity
profiles with a slip velocity to study turbulent flow. However,
these solutions were found by using vy = const and not by
equation (8). Lin § Schaaf (1951) ascumed a perturbation of the
Blasius solution 2% {for nonslip) to include slip in the form

" AN
N 5 S IETRENL SR (29)
where y is the stream function. The boundary-layer displacement
thickness decreases with slip, but no change in the friction
coefficient is observed. Similar results were obtained by duP.
Donaldson (1949) with a simple integral method. It was shown
that the effect of slip on the drag coefficient requires a non-
zero pressure gradient along the surface. This result was also
obtained by Glauert (1957) in the context of presenting a more
general theorem on surface conditions for the boundary-layer
equations. He found the general relation

= u 3p
WS TwN Y B 3s (30)

where Tw is the wall-shear stress along s under slip, and TWN
the corresponding value for nonslip. For two-dimensional flow
Nonweiler had already obtained this result in 1952, This result
is also verified for the solution of boundary-layer flow over a

wedge which satisfies the Falkner-Skan equation (Schaaf §




Chambré, 1961). With a perturbation of the form (29) one

arrives at a local friction coefficient C_. = 2 1 given by l
F pUZ

. 1 ue  JRe 1 . - L

et greEToy x0T (51) f

where C is the coefficient for the nonslip case, 8 the semi-

FN
vertex angle, and ¢'' the second derivative with respect to

g = /e%)r of the Falkner-Skan function.

Another boundary-layer flow problem, which is under
investigation for slip, is the entrance flow in a parallel-plate
channel or in a circular pipe (Sparrow, Lundren, § Lin, 1962;
Hanks, 1963; Quarmby, 1!908; Chen, 1971). Slip increases the
length of the entrance region, that is, the region before the

flow is fully developed.
: 3.4 Numerical Solutions of the Navier-Stokes Lquations T

For flows with moderate Re-values solutions of the
Navier-Stokes equations must be constructed numerically.
Recently, three papers (Lugt, 1972; Lugt, 1973; Lugt & Ohring,
1975) were published which describe the flow behavior of
| suddenly accelerated and constantly moving bodies under slip.

, A few of the results are cited in the following paragraphs,

In Figures 6 and 7 the velocity profiles and the drag
coefficients CD and CDP are displayed for the steady flow past
a thin elliptic cylinder of 10% thickness under zero angle of
attack for Re = Ud/v = 200, where d is the chord of the ellipse
and U the constant speed of the fluid far away from the body.
The velocity profiles are shown for the surface point at the
middle of the ellipse. The drag curves are almost linear near
g* = 0.

The situation is different for blunt bodies. One
would expect from Stokes' and Basset's solutions given in

Section 3.2, that the deviation between the two extremes of
nonslip and perfect slip should not be large. 1is statement
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Figure 6: Velocity profiles at the middle of the surface
for flows past an elliptic cylinder of 10% thickness and
at zero angle of attack. Re = 200, 8* = g(d/2u) = 0;
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is in general true except for certain cases in which the body
curvature is relatively small, and hence the vorticity generation
under perfect slip is reduced. For instance, at Re = 10 for

, circular cylinders flow separation occurs under nonslip but not

‘ under perfect slip. The drag coefficient is reduced from

CD= 5.69 for nonslip to C, = 2.34 for perfect slip. The situation

changes for a thin ellipt?c cylinder perpendicular to the flow.
Now, under both nonslip and perfect slip the vorticity production
at the tips is high, flow separation occurs in both cases, and
the flow fields are quite similar. The drag coefficients at
Re = 10 are CD = 6.00 for nonslip and CD = 5.73 for perfect slip.
For thin elliptic cylinders under nonzero angles of
attack, the sudden start of airfoil-type bodies has been studied.
Under both nonslip and perfect slip the Kutta condition (extended
to viscous fluids) is established, a starting vortex 1is generated
and shed, and 1lift is created. The further development of the
flow to a Karman-vortex street is demonstrated in Figure 8.
Notice the close similarity of the flow patterns for nonslip and
perfect slip! The force and moment coefficients are of the same

order of magnitude (Lugt, 1972).
3.5 Heat Transfer

For incompressible homogeneous fluids the momentum
equation can be studied independently from the energy equation.
Then, with a given flow field, the energy equation can be solved.

The simplest case for which the temperature-jump
condition (9) can be incorporated is Couette flow. With the flow

field given between the two plates at y=0 and y=h, where the
second plate is moving with constant speed U, the velocity v in
the x-direction is specified by

v = U Lue (32)

Slip is assumed only at the plate y=0. By incorporating the
temperature-jump condition (9) at y=0 the heat transfer at that
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surface is
2

U
4;2 . (33)

_ ) . ky - py_ h
ay = k(eT/ay), H?Tf(lh Tw)+hy+k z (h+u/8

Clearly, the heat transfer is reduced by decreasing both 28 and

y. For the axisymmetric Couette flow the temperature field is
given by Krause (1970).

Rayleigh's problem was investigated by Reddy (1967);
the flat-plate flow by Drake & Kane (1950). The cylinder and
sphere problems were tackled by Saver § Drake (1953) and by
Drake § Backer (1952). However, the basic equations in these

LN YT T aewTT T

cases are severely truncated and linearized.

3.6 Conclusions

The effects of slip and temperature-jump conditions
on the flow and temperature fields of incompressible fluids are
summarized.

(1) Vorticity is produced at the body surface even under perfect
slip. In this limiting case vorticity generation is solely due
to the surface curvature.

{(2) Drag and heat-transfer reduction depend on the vorticity
flux and heat flux at the solid surface. For perfect slip there
is no dissipation if the vorticity flux vanishes. The motion
approaches potential flow when g8-+0 in the manner described by
equation (11). Examples are: flows in straight pipes, channels,
and in rotating circular cylinders. For these cases, the
pressure loss and torque approach zero as g+0. On the other
hand, if the vorticity flux is large, the effect of slip is small.
Examples are: blunt bodies and plates normal to the flow. In
these cases the drag and lift values under nonslip and perfect
slip are of the same order of magnitude.

(3) Boundary layers become thinner with increasing slippage. :

(4) Flow separation can occur even under perfect slip. The




criterion for flow separation under slip is Lighthill's

¢riterion (1963): w, = 0, (Jw/as)w < 0.

W
(5) Slip stabilizes flow (Schaaf § Chambré, 1901).
(6) The establishment of the Kutta condition and the gcneration

of 1ift occur even under perfect slip. The classical circulation

hypothesis is applicable for slip too.

(7) The frequency of vortex shedding is the same for nonslip and
perfect slip for an elliptic cylinder at a 45° angle of attack
and Re = 200.

4. Laminar Compressible Flows

IIxact solutions of the Navier-Stokes equations for compress-
ible fluids under the slip condition are known for Couette flows
(Enkenhus, 1962; Shidlovskiy, 1967) and for Poiseuille flows
(Erk, 1932; Shidlovskiy, 1968; Sreekanth, 1968). The expression
for the pipe flow with constant wall temperature is similar to
the incompressible-fluid case (10)

2 2 2
Py - Py 4 d

+

(v, P)) = g Cz70 * 79

(34)

Slip flow of compressible fluids is discussed in the literature
essentially in connection with rarefied-gas theory. Here, slip
can occur locally depending on the magnitude of the local Knudsen
number. Four such cases may be distinguished in the literature:
(1) In a gas centrifuge the density of the gas can become so

low at the inner wall of the centrifuge that slip at this wall
occurs.

(2) The impulsive start of an infinite flat plate moving parallel
to itself (Rayleigh problem) requires in the initial phase a slip
condition in order to avoid the infinite shear stress that occurs
in the continuum solution under nonslip.

(3) The free molecular flow past a semi-infinite plate is com-
pressed such that after a transition length near the leading
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edge the flow can be considered as a continuum with nonslip.

In this transition region the slip condition must be applied
(Talbot, 1963).

(4) In hypersonic flows, case (3) leads to the formation of a
shock wave near the leading edge. Immediately behind the shock
wave slip must be considered, called "Shock-Wave Slip"
(Probstein § Pan, 1962),

For the solution of flow problems in these four
cases perturbation methods and numerical techniques have been
used. The perturbation methods lead either to equations which
coincide with those for incompressible fluids or they degenerate

to boundary-layer type equations,
4.1 Incompressible-Flow Approach

Incompressible-flow solutions as a first approximation
to compressible fluids have been used by Krause (1970) to
describe case (1). His solution for v¢ is equation (14). The

Rayleigh problem (2) was tackled by Schaaf (1950) and Reddy (1967).

For the leading-edge case (3), a rough estimate was
made by Schaaf § Sherman (1954) who considered the heat-transfer
equation (19) by replacing av‘/at with Uavx/ax.

4,2 Other Approximate Solutions

The Rayleigh problem, case (2), with compressibility
effects was studied by Mirels (1952) and Russo § Arnas (1967).
They used the von-Mises transformation (x,y)~+(x,y) with

v/ iy = ofo_, 39/3L = ~pVy/pw to obtain the heat-transfer equation
avx Bzvx
a—t— = C \Jm—g—w—z— ’ (35)

where ¢ = pu/o_u_ is assumed to be a constant and the subscript =
refers to free-stream values. The leading-edge problem of case
(3) is then considered by these authors through the replacement
of t by t = 2.88 x/U. More accurate solutions were obtained by

e N g - g s e r— e t———— e —




Shidlovskiy (1967) and Chow § Chao (1968) for the flow past a
semi-infinite plate. Figure 9 shows the dimensionless slip
velocity as a function of the dimensionless distance from the

tip.
T T L DL
0 @ EXP. RESULTS (BECKER & BOYLAN, 1967)
THEORETICAL RESULTS
0.8~ ~ —— —— — MIRELS {1952) ]
5 —— @ —— EL-ASSAR (1968)
E o6 —— & —— CHOW (1967)
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-
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Figure 9: Dimensionless slip velocity near the leading
edge in hypersonic flow, plotted against dimensionless
distance from the edge (from Chow § Chao, 1968).

Boundary-layer flows past slender bodies of revolution
were described by Shen § Solomon (1961), and boundary layer flows
near rotating disks by Shidlovskiy (1967).

4.3 Hypersonic Edge Flow

Considerable effort has been expended on the study of
hypersonic flows when Ma >> 1. This situation occurs for re-
entry bodies and other vehicles operating at high altitudes. In
this case the interaction of the boundary layer with the inviscid
outer flow must be considered. If the displacement effect of the
boundary layer induces only a small perturbation of the outer
flow, one speaks of '"weak interaction'". If the growth of the
viscous layer and the state of the outer flow are mutually depen-
dent on each other, the interaction is considered 'strong"
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(Kasza § Chow, 1973). Slip occurs in the transition region.
See Figure 1.

The bulk of the literature on this subject deals
with boundary-layer type approaches for the semi-infinite plate
and the wedge problem. For the flow past a semi-infinite plate
Oguchi (1962) used the Howarth-Dorodnitsyn transformation,

Chow (1967) an integral method, Shorenstein § Probstein (1968)
and Rudman § Rubin (1968) a boundary-layer type approach, and
Hirschel (1972) an implicit finite-difference scheme. Kasza §
Chow (1973) applied Meksyn's asymptotic method for integrating
the boundary-layer equations. Hirschel (1970) also considered
the flow of a dissociated gas. The wedge problem was investi-
gated by Kumar § Jain (1972); flows past slender axisymmetric
bodies by Mirels § Ellinwood (1968), and past spinning cones by
Lin § Rubin (1974}.

Series expansions of the Navier-Stokes equations for
solving the flow past a semi-infinite plate were used by
Morito Ii § Street (1964) and by Laurmann (1966). Cheng et al.
(1968) solved the truncated Navier-Stokes equations with a
finite-difference technique. Numerical methods were also applied
by Butler (1967) and Cheng § Chen (1973). They showed that the
pressure gradient near the leading edge cannot be neglected;
this gradient is neglected in the boundary-layer approach.

The effects of slip on compressible fluid flow may be
summarized in the following way.

(1) The shock-wave angle is smaller for slip than for nonslip.
(2) The surfac: pressure near the leading edge is reduced with
slip. At the lcading edge the surface pressure is finite with
slip.

(3) The slip velocity decreases with increasing wedge angle.

5. A Remark on Turbulent Flows

Theoretical studies directly related to slip effects on
turbulent flow are not known to the authors. A comment is




integration constant (Schlichting, 1968, p. 556).

lent flow.

It may be recalled (Schlichting, 1968, p. 555) that the uni-
versal velocity distribution law was derived under the condition

that near the wall t = W Then

YV*W
v_o_
i A log S

W

+ B ,

where A and B are integration constants, and v, =
W

bulence near the wall.
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appropriate concerning the effect of slip on turbulence.
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the friction velocity. The constant B is determined from the
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effect enters. Unfortunately, B is determined empirically only
(for nonslip), and there seems to be no theoretical evidence
relating the properties of the laminar sublayer to B.
tively, the following statement can be made: Slip diminishes
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An Interdisciplinary Approach to the Study of

the Drag Reduction Phenomenon

R. Y. Ting, R. C. Little, D. L. Hunston,
0. K. Kim and R. L. Patterson
Naval Research Laboratory
Washington, D. C. 2037

ABSTRACT

It is well-known that the addition of minute quantities of certain
high molecular weight polymers can dramatically reduce the production
of wall turbulence and therefore the associated frictional drag, By
combining expertise in the fields of polymer physics, colloid chemistry,
rheology and fluid mechanics, recent work done at the Naval Research
Laboratory has made it possible to correlate molecular characteristics
and polymer rheoclogy with the turbulent drag reduction effect, thus
leading to a better understanding of the phenomenon. Recent experi-
mental results concerned with the effects of polymer type, homology
and the solvent environment on drag reduction will be presented.
Theoretical analyses examining the effects of viscoelasticity on
transient shear and elongational flows will also be discussed to show
the relative merits of previously proposed drag reduction mechanisms

involving these simple flows,

1. Introduction

The drag-reduction phenomenon has been the subject of intense
interest and activity among scientists and engineers for the past
decade., This phenomenon is observed when solutions of very small
amounts of high-molecular-weight linear polymers are subjected to
turbulent pipe flow. The resultant effect is that the pressure
gradient required to move the fluid is substantially reduced at a
given flow rate. Toms (1) gave the first clear description of this

phenomenon in his study of the turbulent flow of poly(methyl meth-
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acrylate) in monochlorobenzene., He reported frictional reductions of
up to 0% compared with the pure solvent with a 0.2/ by weight addi-
tion of polymer. Many investigators since then have confirmed this
effect in many other combinations of polymer-solvent systems. In spite
of the extensive research activity in the past, there is still no agreed
interpretation of the mechanism of drag reduction. It is generally
accepted, however, that the presence of the polymer may alter the
turbulence production near the boundary, turbulent drag reduction being
essentially a "wall phenomenon'. Recent experimental evidence indicated
that for a free jet of dilute polymer solution issuing from a nozzle
the mean velocity profile and turbulent intensity are not affected

when compared with the solvent case (2,3). The effect of polymer
additives on grid turbulence was also found to be negligibly small (%).
But in the case of wall turbulence, the velocity profile in a turbulent
boundary layer and the turbulent intensity in the wall region are
greatly changed by the presence of polymer. Therefore, it is clear
that drag reduction represents a very complicated interaction among

the polymer molecules, the solvent system and the solid boundary in
high Reynolds number flows., The problem is really a composite one
which straddles several fields of expertise - fluid mechanics, rheology,
rolymer physics and perhaps surface chemistry. An interdisciplinary
grour was therefore established to approach the solution of this
rrocblem. Some of the research results obtained by this group have

been made the subject of this report.

2.  Experimental Technigue

Details of the turbulent pipe flow system used have been reported
elsewhere (7). The device is basically a metal syringe controlled by
a DC motor which drives the test liquid through a 0.2 cm diameter pipe.
The flow rate was monitored by a small DC generator coupled to the
motor drive. Two pressure taps were placed at approximately 13°. and
17 diameters from the upstream end of the flow. The pressure
differences between taps was measured by a differential pressure
transducer. The outputs from the DC generator and the transducer were

recorded continuously. The flow rate and the wall shear stresses were
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then calculated by using the calibrated constants of the apparatus.

The percent drag reduction was computed by using the following relation-

ship:

percent drag reduction = (l - _____fpolymer>x 100 (1)
water

where f() is the friction coefficient, defined as the ratio of wall
shear stress to the mean dynamic pressure head of turbulent flow,
1/2 Q(E)E, where p is the density of the fluid and u the mean velocity
of the solution.

The polymeric materials used included Polyox {polyethylene oxide,
Union Carbide Corporation) and polyacrylamide which was synthesized in
the laboratory as reported in (&),

3. Effect of Homology and Solvent

The development of even an empirical function to relate drag
reduction to relevant solution properties would greatly reduce the
amount of time spent in evaluation procedures. Based on literature
data (7), it was suggested (&) that the polymer critical concentration -
defined as the concentration where random coils begin to touch (9) -
might be used to normalize the drag reduction data since the same
fraction of critical concentration appeared to produce the same degree
of drag reduction irrespective of polymer molecular weight. However,
the use of critical concentration as a normalizing factor seems to be
limited to capillary tube flows and restricted to the higher molecular
weight homologs of a drag reducing family (10).

virk (11), in developing an empirical correlation between concentra-

tion and drag reduction, defined a characteristic intrinsic concentra-

tion as
{c] = DR_ /lim (DR/c)
M -0
where DR = percent drag reduction,
¢ = polymer concentration,

lim (DR/c) = intrinsic drag reduction
¢ 2o

DRm = maximum drag reduction for a given rate.
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The parameter [c] was found useful in superposing all the experimental

data onto a single universal drag reduction curve well represented by

gnch) _ 1 )
Climo(DR/c) L+ c/le]

For experimental use (10), it was found more suitable to simplify
Ea. (3) into

DR c
- = (M)
DR, e+ [c]

Rearrangement of Eq. (4) leads to

c [e] c ()

+ —

DR ~ DR, DR_ °

Equation (%) indicates that a linear relationship exists between /DR
and ¢ wher. the concentration dependence of drag reduction obeys E3. (%).
This drag reduction equation has been shown to be applicable to most
drag reducing polymers (10,12). As a typical example, Figure 1
presents the concentration dependence of Polyox Coagulant at Reynolds
number 9000, A plot of c/DR vs ¢ is linear and shows the validity of
Eq. (4). The intercept value at c/DR = O yields the intrinsic concen-
tration [c] and this quantity divided by the intercept at ¢ = 0 permits
evaluation of Dth

It is readily seen from Eq. (4) that DR/c = DRm/([c] +c)e So
drag reduction becomes more efficient on a unit concentration basis as
the concentration decreases. Henry's law conditions are reached when
c/[c] values approach 0,0Ll. This corresponds to a drag reduction of
1%, well inside the error limit of all current drag reduction equipment.
The distance between the random coils of the polymers at this level of
drag reduction may be estimated by using a relation developed by
Paterson (13). For a Polyox compound having a molecular weight of
7 x 16°, the random coils, at the 1% drag reduction level, are 20
diameters apart. Only at these intermolecular distances is percent

drag reducticv a linear function of polymer concentration. When
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conditions close to an optimum drag reduction condition are approached,

the polymer molecules are only a few diameters apart, or virtually
tough., Eq. (%) successfully describes the drag reduction results up

to concentrations somewhat below that needed to produce an optimum

drag reduction and only accounts for dilute solution behavior. Further

increases in concentration bring decreases in drag reduction, hence
the equation will fail. The maximum drag reduction, DRm, to be
obtained 4s ¢ - », is therefore not really a value attainable in the

experiment,

The modified universal drag reduction equation, Eq. (4), is in nature

an empirical correlation including two adjustable constants [c] and
DRm. However, these par.meters, being constants characteristic of a
given polymer compound, serve as a measure of the drag reduction
effectiveness, The physical significance of these parameters becomes

very clear if the limit of Eq. (4) at zero concentration is examined:

im DR lim Ry DRy )

c=20 ¢ ¢ =o

el+e  [e]
The parameter DRm/[c] defines the "effectiveness" of the polymer com-
pounds on a unit concentration basis at infinite dilution. Figure 2
shows the correlation between this drag reduction "index" and the
polymer molecular weight for the Polyox and the polyacrylamide family.
In such a surprisingly linear plot, the intercept value of molecular
weight at DRm/[c] = O represents a cutoff point below which no drag
reduction takes place. The slope indicates the rate of increasing
drag reduction effectiveness with increasing polymer molecular weight.
The solvent effects in general have a great influence on the

physico-chemical properties of the polymer molecules and hence are

expected to be important in drag reduction. The effect of salt concen-

tration on the drag reduction effectiveness was therefore studied, 1In
cases where DRm is approximately constant, the reciprocal of the in-
trinsic concentration alone serves as a simplified measure of the
effectiveness, The effect of salt on [c] and the intrinsic viscosity,

{nl} (14), was found to follow equations of the type:
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where M’ is the molarity at [c] = »

and M" is the molarity at [M] = O

The M’ and M" constants are, of course, analytical conveniences.,
These equations may be combined to express [c] as a function of [T]

as follows:

(I + ap) [e] = A, (9)
(M- w7 ],
where A1 = py 2
M
Ml
and A2 = D?’ [nj}{go [CJHEO

12

It is clear that when M’ = M"' the relation simply reduces to

(M el = [n] (10)

(e]
H,0 “OHLO

which was approximately true for the low molecular weight polymers.
This relation suggests an interesting new avenue in the characterization

of drag reducing polymers in various solvent systems; that is,

ir [M],le], = [M1lc]

o [ﬂ]e -3
en [c] = [c]6 Eﬁi_ = Q [C]9 (11)

where a is the polymer expansion factor and 6 refers to a theta solvent.
This would then imply that one need only characterize the drag reduction
efficiency of a given polymer under theta solvent conditions. Drag
reduction research in other solvent systems might, in principle, merely

e wai
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be accomplished through use of a viscometer.

.,  Viscoelastic Analyses

While the preceding sections provide valuable information re-
garding the relationship between the molecular structure of a polymer
additive and its drag reducing properties, they do not explain how the
polymer molecules produce such a dramatic change in flow, Recently,
flow visualization experiments (17) have been carried out in dilute
solutions of drag reducing polymers. These experiments indicate that
the spatially-averaged bursting rate (1¢) is greatly decreased by the
addition of the polymer. This evidence strongly suggests that the
turbulence production is decreased by the presence of the polymeric
additive through inhibition of the formation of low speed streaks or
the attenuation of the bursting. To understand the mechanism of drag
reduction, therefore, it is necessary to determine how small amounts
of polymer can alter the bursting process. Since the flow patterns
associated with bursting are very complex, it cannot be treated quan-
titatively. One alternative is to examine a number of simple well-
defined flows that closely model the types of motion which appear to
be associated with the bursting phenomenon. Since drag reduction is
characterized by large changes in flow produced by the addition of
very small amounts of polymer, the objective in these studies is to
seek a simple flow in which the behavior of a very dilute solution is
significantly different from that of the solvent.

(1) Models: The solvent is usually assumed to be a Newtonian
fluid; that is, the stress tensor is directly related to the strain
rate tensor., Schematically, this model can be represented as a
dashpot, Figure 3A., The addition of polymer molecules to the solvent
not only increases the viscosity but also adds an elastic contribution
to the total response. As & result some previous studies have described
solution behavior with a Maxwell model since it combines both viscous
and elastic behavior, Figure 3B, While this model has the advantage of
mathematical simplicity, it does not provide a very good description

for polymer solutions because the responses of the solvent and the

polymer do not combine as a simple sum. Consequently, a two element




model such as that developed by Oldroyd (17) is needed. The Oldroyd
model combines a Newtonian element for the solvent with a Maxwell
element for the polymer, Figure 3c. The stress tensor, &, and the

strain rate tensor, & , are related by

I
G

+ 2 M, g
2rg e (M rTdr—5 3 (12
where ﬂs is the solvent viscosity (Newtonian element), T’ and G are
the viscous and elastic contributions of the polymer molecules (Maxwell
element), and D/Dt represents a convected time derivative. The response
time of such a system to an applied stress can be characterized by a
time constant called the relaxation time T = ﬂ'/G. This model provides
a good qualitative description of solution behavior and is used in

considering the following deformations thought to be important in drag

reduction.

(2) Simple Shear Disturbances: One theory that has been proposed

to explain drag reduction involves transient or steady-state shear
disturbances (18,19). It has been suggested that the propagation velo-
city for such disturbances in very dilute polymer solutions is sub-
stantially less than that in the solvent (20). Since a certain stage
of the bursting phenomenon may involve a deformation of this type, a
large decrease in the propagation velocity may result in less bursting
and thus less turbulent drag.

The propagation of a transient or steady-state shear disturbance
is dependent on the behavior of simple sinusoidal shear waves. It is
of interest therefore to evaluate the phase velocity and amplitude
attenuation coefficient for shear wave propagation as a function of
frequency. For illustrative purposes a 100 parts per million by
weight (ppmw) solution of a commercial sample (Polyox WSR-301, Union
Carbide Corporation) will be used as an example. The weight average
molecular weight of this polymer is about 2.4 x lO6 while the solution
viscosity is 1.21 centipoise. The results of calculations for this
solution and water are shown in Figures 4 and 5. These figures clearly

indicate that no significant differences between solvent and solution
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behavior are predicted, even at the relatively high concentration of
100 ppmw. Therefore, in its present form a mechanism based on the
propagation of a shear disturbance is definitely unsatisfactory.

(3) Elongational Flow: A second possible explanation for drag

reduction involves elongational flow. The bursting process contains
a stage which is characterized by a stretching motion similar to elonga-
tional flow. It has been suggested that the addition of small amounts
of polymer to a solvent substantially increases its resistance to
elongational flow (21). It is proposed, therefore, that the increased
resistance to stretching results in less bursting and thus less
turbulent drag.

Elongational flow is defined by a strain rate tensor of the following

form:
~ n
2r 0 0
4 = 0 -T 0 (13)
0 o -r
L d

where [' is the stretching rate which is taken to be a constant here.
The reduced elongational viscosity, T, is a measure of the resistance
to this type of flow compared to the resistance of the solvent to
simple shear flow and will be defined as, T = (cll - 22)/ﬂsf.

To examine elongational flow in solvent and solution, Eq. (13)
is combined with the appropriate constitutive equation and the correct
values for the relevant parameters. Such calculations were made,
again using a 100 ppmw solution of WSR-301l as an example. Figure 6
shows a plot of reduced elongational viscosity vs normalized flow
time (t/7) for solution and solvent at several different stretching
rates, As seen in this figure, the Oldroyd equation predicts that the
solution behavior will be significantly different than the solvent
behavior when the flow time and stretching rate exceed certain critical
values. Moreover, recent treatments (22) of elongational flow using
more sophisticated molecular models have reached the same conclusions.




The experimental evidence for this type of behavior is quite limited
but studies such as those by Metzner and Metzner (25) seem to indicate
that large values of T can be obtained at low polymer concentrations,

Although a great deal more experimental work is needed before gquantita-

tive comparisons with theory are possible, it is clear that elongational
flow must be given serious consideration as an explanation for drag
reduction. A mechanism based on elongational flow has the advantage
that the effects are predicted to be very large; T for a 1 ppmw Polyox
WSR-301 solution may exceed that for water by a factor of 105 or more,
With effects this large it is not difficult to understand how small
quantities of polymer can produce large changes in flow, Therefore,

an explanation based on the elongatiocnal viscosity could be very
promising in this regard. Before a mechanism can be established,
however, two things must be studied further. First, the large values

of ﬁ that are predicted for dilute solutions must be demonstrated

experimentally. Secondly, the stretching rate and flow time during

the bursting process must be shown to exceed the critical values ;

needed for the onset of a large elongational viscosity.
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Wettability of Clean Metal Surfaces
as Determined with
Ultrahigh-Vacuum Techniques

Malcolm E. Schrader

Naval Ship Research and Development Center
Annapolis, Maryland 21402 USA

The physical interaction of liquids with solid surfaces is of fund-
amental importance to a wide variety of engineering problems. A partial
list of these would include:

1. Flow of water through pipes or flexible hoses.
2. Flow of fuel through pipelines.
3. Movement of submerged vehicles or surface vessels through
water.
4. Proper initial contact between a liquid adhesive and solid
substrate prior to cure of the adhesive.
5. Function of mold release agents.
6. Dropwise condensation of water on condenser coil for effi-
cient energy transfer.
7. Lowering of solid surface temperature required to induce
boiling.
8. Hydrodynamic lubrication.
The most widely used method of determining the extent of interaction .is
by means of the contact angle. Looking at the profile of a sessile
liquid drop on a smooth, solid surface the contact angle can be defined
as the angle between the solid surface and the tangent to the drop sur-
face at the point of contact. The magnitude of this angle is given by
the Youngl equation which describes the balance of surface forces

holding the drop in its equilibrium configuration. The equation

Y cosb + Yis =Y (1)

v sv

where Yiv is the surface tension of the liquid vapor interface, Yig of

the liquid-solid interface, v that of the solid-vapor interface, and

Ssv
8 the contact angle, states that the sum of the surface tension of the

liquid-solid interface and the horizontal component of the surface
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tension of the liquid equals the surface tension of the solid-vapor
interface. Transposing,

Y cosh = y (2)

LV sv - Ysi

so that the right side of the equation is an adhesion parameter, de-
scribing the tendency of the liquid to cling to the solid, while the
left side consists of experimentally measurable quantities, the sur-
face tension of the liquid and the contact angle. Solid surfaces have
been classified into the categories of high and low energy with respect
to characteristics affecting their wettability.z'3 The high energy
surfaces include metals, metal oxides, and siliceous glasses, while
those of low energy consist mainly of organic materials. As a rule,
compounds which are liquid at room temperature spread on high energy
surfaces, since their surface tensions are considerably less than the
surface energies of these solid substrates.

Girifalco and Good4 originally proposed a method to predict inter-
facial tensions of liquid-liquid and liquid-solid systems through use of
an interaction term involving the geometric mean of the separate surface
tensions of the interacting species.

k]

Yo * Yy - 200v.y)) (3)

Yis =Yg L

This would enable the calculation of the right hand side of equation
(2) so that the contact angle would be predicted from knowledge of the

liquid surface tension. Alternativelv, the reaction parameters could be
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calculated from measurement of the contact angle. FowkesS proposed

to separate the surface tension of each substance into additive
components,

Y = Yd + Yh + Ym (4)
so that, for example, the surface tension of water, y, would be

equal to Yd + yh where yd is a component of the surface tension of
water resulting from dispersion forces and Yh the component resulting

from hydrogen bonding forces. Likewise, the surface tension of
. d m d . . .

mercury was described as equal to Y + Y where Y 1is the dispersion

m . .
component and Y the so-called metallic force component. Assuming that

. . d .
the dispersion component, y , of the surface tension of one substance
would interact with only the dispersion component of the surface tension
of other substances, Fowkes used the geometric mean of the dispersion
4,k . .
}°, as an interaction term.

a a d %
Y12—Y1+Y2 2(\(l Y2)

d
components, (Yl Yz

(5)

By assuming y = yd for hydrocarbons and that water and mercury each
interact with hydrocarbons only via the Yd component, a yd for water
and for mercury were calculated, by utilizing the known interfacial
tensions of each against one or more hydrocarbons. Utilizing these
values of yd for water and mercury, Fowkes then calculated an inter-
facial tension for the mercury-water interface on the basis of the
speculative assumption that water and mercury interact with each other
in the same manner that each interacts with hydrocarbons. The inter-
facial tension thus calculated was quite close to the experimentally
measured interfacial tension of water and mercury, thus yielding the
rather startling conclusion that water and mercu. y interact by means of
dispersion forces only.

The apparent discovery that interaction at the interface of water
and mercury involves only dispersion forces led Fowkes to extrapolate
this principle to metal surfaces in general.6 Previous experience with
metal surfaces had shown that in the absence of a contaminating organic
layer all metals are hydrophilic, i.e.,, water will spontaneously spread
on their surfaces with a zero contact angle.3 However, the "real" metal
surfaces heretofore investigated contain combined oxygen (ranging in
nature from a monolayer of chemisorbed oxygen to a thick layer of sur-
face oxide) as a result of their exposure to the atmosphere. These
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surface metal oxides are capable of strong hydrcgen bonding interaction
with water. Fowkes hypothesized that an atomically clean oxygen-free
metal surface without this hydrogen bonding capability would interact

by means of dispersion forces only, which would be inadequate to yield

a zero contact angle. The surface of gold provided a convenient test
for this hypothesis, since it is uniquely inert to oxygen and does not
form a stable oxide phase.

In 1964 White7 reported results of observations of the wetting of
gold surfaces by water under atmospheric conditions. He obtained drop-
wise condensation from air saturated with water vapor under conditions
of cleanliness during surface preparation and wettability measurement
which were adequate to render base metals hydrophilic, i.e., able to
spread water. He ultimately reported the contact angle as 60 + 50.8 In
1965 Erb9 reported continuous dropwise condensation of water vapor in a
gold-plated still at atmospheric pressure. Fused quartz and nonnoble
metals were observed to yield filmwise condensation under these same
conditions. Shortly thereafter, Bewig and Zismanlo reported a water
contact angle of o° on a gold disk which had previously been heated to
near melting in a flowing atmosphere of hydrogen (at atmospheric pres-
sure) purified of organic contaminants. When the precautions against
contamination of the flowing hydrogen were relaxed, the contact angle
was no longer zero. The authors concluded that non-zero contact angles
reported for water on gold were a result of hydrophobic organic contam-
ination. white,8 on the other hand, claimed that the zero contact angles
observed by Bewig and Zisman resulted from hydrophilic contamination
introduced during heating of the sample and by the embedding of alumina
abrasive during previous sample polishing. 1In 197011 Bernett and Zisman
reported the results of measurements of the contact angle of water on
gold made under conditions Jdesigned to eliminate the possibilities of
hydrophilic contamination which had been suggested by White and Erb. To
avoid surface segrcgation of metallic impurities, the surface was not
neated during preparation. The surface was polished with magnesia fol-
lowed by leaching with hydrochloric acid to remove any residual embedded

. o ;
abrasive. A contact angle of 0 was found for water on this gold surface.
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The contact angle of methylene iodide on glass had previously been
investigated using ultrahigh vacuum techniques in surface preparation
followed by in situ measurement of the contact angle by means of a vapor
phase transfer prog»dure.lz The latter consisted of admitting suitably
purified vapc: . the system, condensing the vapor in the sample chamber
by means of a cold finger, and depositing a drop on the sample surface
through magnetic manipulation. The contact angle was then read by means
of a goniometer ecyepiece mounted on a telescope. The purpose of the
ultrahigh vacuum technique was to eliminate all traces of water in order
to obtain and measure contact angles of methylene iodide on truly anhy-
drous surfaces.

In 1970 results were reported on the use of this technique of vapor
phase transfer in ultrahigh vacuum to determine the contact angle of
water on golcl.13 Water, of course, was substituted for methylene iodide,
and the objective of eliminating organic contamination replaced that of
eliminating traces of water from the sample surface. This was made
possible by the complete absence of any organic components in the all
metal and glass ultrahigh vacuum system. Contamination-free gold sur-
faces were prepared in this system by heating polished gold disks to
successively high temperatures in the presence of oxygen followed by
vacuum, or by evaporating gold films on smooth substrates in situ.

The gold disk method was repeated in a conventional vacuum system for
purpose of comparison.

A striking feature of the results was the hysteresis of the water
contact angle which was observed during the various stages of surface
activation of the gold disk. The hysteresis effect was observed in a
number of different ways. (a) Freezing out the water vapor in the
vacuum system after the drop was on the gold surface. As the drop
evaporated, a receding angle was observed. Manipulations of the vapor
pressure in vacuum eliminated the possibility that this was due to the
effect of vapor pressure on the contact angle. (b) Observing the con-
tact angle change with time. The drop may continue to spread for many

hours. (c) Agitation of the droj.. This caused immediate partial

spreading
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Upon raising the temperature and time of heating of the agold disk

in air followed by evacuation, the receding angle decreased to zero,

while the advancing angle decreased to about 20-30°. With more activa-

tion (increased heating) the advancing angle decreased further, while
the receding remained zero. In the conventional vacuum system (Table

3 L . .
I),l a limit was reached in the decrease of the advancing angle. Fur-

ther activation either raised the angle or ceased to lower it. 1In the

ultrahigh-vacuum system (Table II)13 on the other hand, increased acti-

vation decreased the advancing angle to zero degrees.

Table I: Contact Angles on Gold Disk in Conventional Vacuum System

(Reprinted with permission from reference 13. Copyright ACS).

Drop history after initial

Advancing reading: time lapse from Receding
Surface Drop angle, previous reading or mechan- angle,
activation no. deg ical agitation deg
vacuum, 100°, 1 29 S 0
3 hr 19 Mechanical agitation
air,570°,1 hr, 1 20 - 14
followed by 18 Mechanical agitation
vacuum,
580°,1 hr 2 28 -
air,580°,2 hr 1 25 - -
14 Mechanical agitation
2 23 -
11 Mechanical agitation
vacuum, 600°, 1 22.5 - 0
1.5 hr 11 Mechanical agitation
2 35 -—-
27 Mechanical agitation
20 10 min
° 15 30 min
Air,7207,2 hr 1 30 -— -—-
28 1 min
19 Mechanical agitation
2 48 -—
° 37 Mechanical agitation
Vacuum, 700 , 1 28 -—— - l
2 hr 22 3 min
22 7 min
6 Mechanical agitation
2 26 -—- !
11 Mechanical agitation
:
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Table II: Contact Angles on Gold Disk in Ultrahigh-Vacuum System
(Reprinted with permission from reference 13. Copyright ACS).

Drop history after initial

Advancing reading: time lapse from Receding
Surface Drop angle, previous reading or mechan- angle,
activation no. deg ical agitation deg
Vacuum,560°, 1 31 ~—— 0
2 hr 16 Mechanical agitation
Air,ol Torr, 1 6 ——— —-——
550, é.S hr 2 5 ———
Air,710 ,2 hr, 1 2 ——— -—
followed by 0 1 Min
vacuum, 2 3 -—
710°, 1 hr 0 5 min -
Air,715°, 2.5 1 5 —
hr followed 0 5 min
by yacuum, 2 6.5 -
7157,2.5 hr 2 1 min
1 5 min
0 30 min

For the case of gold films evaporated in situ, the contact angle
. 13
of water on a gold film (Table III) evaporated onto the surface of a

polished fused silica disk was zero.

Table III: Contact Angles on Gold Film Evaporated in Ultrahigh-Vacuum

System (Reprinted with permission from reference 13. Copyright ACS).

Advancing Time after

Run Film angle, deposition of
no. Substrate no. Drop deg drop, min
1 Polished 1 First Spread with -—=
silica low angle
disk Subsequent 0 1
2 First 10 1
0 6
2 Polished 1 First Spreading at 1
silica low angle
disk 0] 2
Subsequent 0 1
3 Polished 1 First Spread at 5 -—-
graph-
ite disk Second 8 1
0 5
157
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The system was evacuated again and another layer of gold deposited on
top of the original. The contact angle was zero once more. A few min-
utes was sometimes required for the drop to reach the equilibrium zero
value.

In another experiment the gold was deposited on a polished graphite
surface. A zero contact angle was again observed a few minutes after
deposition of the water drop. The contact angle of water on the graphite
disk surface which was shielded from the gold vapor flux was approxi-
mately 220.

The existence of contact angle hysteresis as a result of contamina-
tion or heterogeneity on a smooth surface has been discussed by a number
of authors.14 The hysteresis observed in the work on gold can be attri-
buted to the presence on these surfaces of both hydrophilic and hydro-
phobic areas, or site clusters. Increased surface activation resulted
in an increased ratio of hydrophilic to hydrophobic areas, with an
accompanying decrease in both advancing and receding angles, until a
zero receding angle was obtained. At this point the average surface
free energy less that of the liquid-solid interface was sufficient to
overcome that of the water and keep it spread. The advancing angle was
nevertheless still relatively high due to the inability of the drop
periphery to advance across hydrophobic regions. The situation may be
pictured on the basis of hydrophilic "islands" in a hydrophobic "sea."
As the surface was activated further, the hydrophobic area continued to
diminish with an accompanying decrease in the advancing angle until the
hysteresis disappeared as the advancing angle reached zero.

It is clear from a comparison of the conventional high-vacuum and
ultrahigh-vacuum experiments that the gradual increase in ratio of
hydrophilic to hydrophobic area which occurs upon heating can be inter-
preted in terms of a gradual removal of hydrophobic organic contamina-
tion from the real gold surface. For the case of the measurements in
conventional high vacuum, the activation procedure of high temperature
oxidation and evacuation gradually cleans the surface, until there are
sufficient uncontaminated hydrophilic areas to yield a low or zero
receding angle, and an advancing angle of 20—300. A point is reached

at which additional activation is ineffective and may even result in
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additional contamination. This is due to the fact that the conventional
high vacuum is not an ultraclean system. Once the system is evacuated,
the residual organic vapors have ready access to the gold surface,
unimpeded by the presence of air. When the surface is partially cleaned,
a steady state is established at which the rate of contamination equals
the rate of vacuum clean up. However, in the ultrahigh-vacuum system
which consists solely of metal and glass, there are no oryanic vapors

to recontaminate the gold. The high temperature oxidation-evacuation
procedure consequently continues to clean the surface until the hystere-
sis disappears and the advancing as well as receding contact angle is
zero.

The inability of the conventional high-vacuum system to clean the
gold surface is not observed for the case of a polished fused-silica
surface. 1In the latter case preliminary heating to 200° is adequate to
yield a zero contact angle with water at room temperature. Using
water contact angles as a measure of cleanliness, it is apparent that it
is far more difficult to remove organic contamination from a gold than
from a fused-silica surface. It is clear, then, that a set of conditions
which is sufficient to decontaminate one particular surface will not
necessarily succeed for a different type.

There is a possible objection to an interpretation of these results
in terms of removal of organic contamination. When an impurity in a
solid is capable of lowering the surface tension of the clean solid
surface, the irpurity will tend to migrate to the surface when the
temperature is sufficiently high to allow diffusion to take place.15
Assuming that the surface of real gold is hydrophobic rather than hydro-
philic, the ultrahigh vacuum results for the solid gold sample could be
explained in terms of hydrophilic impurities diffusing to the surface
during the heat cleaning process, causing hysteresis at first, followed
by a zero advancing angle as the surface becomes completely contaminated
with the hydrophilic impurities. This explanation is not a very
plausible one since the gold is 99.999+% pure and complete segregation,
in a limited time, of impurities from a rather large volume to the
surface would be necessary to contaminate a monolayer. Furthermore, for

the case of the conventional high-vacuum results it would have to be
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assumed that the hydrophilic impurities which make their way to the sur-
face subsequently become contaminated by the residual organic vapors, 1
thus preventing the ultimate attainment of a zero advancing angle.
Nevertheless, the possibility cannot be completely ruled out on the basis .
of the solid disk experiments alone. However, the method involving evap-
oration and condensation of a gold film in situ completely bypasses this

problem of surface segregation,16 since the deposited film is very thin

and furthermore is not heated.

For the case of any metal other than gold, an uncontaminated real

surface would contain chemically combined oxygen, either as a built up
surface oxide or as a chemisorbed monolayer. The attainment of a surface

which is clean (oxygen free) as well as uncontaminated with organic

=

material, would then entail a procedure such as ion bombardment to remove

~—
e

any chemically combined oxygen already present, followed by maintenance

of a suitable ultrahigh vacuum to prevent oxygen from recombining with

the surface before the measurement is completed. Of course, for the case 4
of a film evaporated in situ, the ion bombardment is not necessary. In

the present work, where water vapor is introduced for the measurement,

extensive degassing of the water source is not necessarily sufficient
to avoid introduction of a sufficient number of oxygen molecules to chem-
isorb to a few square centimeters of an active metal surface. For the
case of metals in general, therefore, a special gettering technique12
would hieve to be devised to ensure measurement on an oxygen-free surface.

‘i surface of gold, however, is unique among all metals in its
relative lack of affinity for oxygen. It is the only metal which does
not form a bulk oxide which is thermodynamically stable at room tempera-
ture. While this does not preclude the existence of a chemisorbed mono-
layer on the gold surface, available literature17-19 indicates that such
a monolayer will not form at room temperature, even at high oxygen pres- L
sure and much longer periods of time than the duration of these wettabil- !
ity experiments on evaporated gold films.

Investigation of the contact angle of water on clean metal surfaces

was subsequently extended to active metals which form surface oxides, or

20 .
chemisorbed oxygen monolayers, when exposed to oxygen. In particular,

the possibility was considered that clean metals do indeed interact
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physically with water due to dispersion forces only. To understand why
this can be so despite the observed contact angle of 00 for water on gold,
it was noted that the prediction that gold would be hydrophobic really
involves two assumptions. First, that water will interact with the sur-
face of clean gold according to the geometric mean rule by means of dis~
persion forces only. This assumption was basic to Fowkes' approach to
the wettability of high-energy surfaces. Second, that yd for gold is too
small to give sufficient interaction with Yd of water to cause spreading.
This means that Yd of gold must be less than 236 ergs/cm2 if Yd of water
is taken as 21.8 ergs/cmz. The second assumption, which is not basic to
Fowkes' theory, is necessary to make gold a suitable test case. The only
independent justification for this second assumption comes from a theo-
retical calculation by Fowkes6 relating yd to the Hamaker constant (Alz)’
which in turn is calculated from data on the stability of gcld sols in
aqueous solution. This procedure has been criticized by Gregory,21 who
pointed out that "most interfacial interactions will involve nonadditive
effects which would not contribute to longer range forces such as those
between colloidal particles." It is nevertheless of considerable inter-
est to determine if the method is useful at least as a semiempirical
approach in predicting experimental results on the wettability of clean
metal surfaces. Hamaker constants for gold particles in aqueous medium
are calculated by Reerink and 0verbeek22 from data by Westgren23 and

. 24 . .
Tuorila, with the calculated values of A ranging over an order of

12
magnitude from 0.05 X 10 12 and 0.1 X 10712 erg calculated from Westgren's
data to 0.6 X 10“12 erg from Tuorila's experiments. Fowkes obtains his

maximum value of 120 ergs/cm2 for Yd of gold from the latter value of A12'
More recently, however, a value of 4.1 X 10-12 erg for the Hamaker con-
stant of gold has been reported by Derjaguin, Muller, and Rabinovich,
which yields a value of 464 ergs/cm2 for Yd. Since this latter result
extends the range of calculated Yd values for gold well over 236 ergs/cmz,
the possibility may be considered that gold yields a zero contact angle
with water as a result of the Yd interaction alone.

Now, constants representing dispersion interactions have been cal-
culated for some elements and compounds. The calculation is performed

utilizing data, for example, from atomic scattering experiments or re-
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fractive index measurements to determine parameters in London's ation

which allow the calculation of the dispersion force constant. Auc..ng the
! elements, investigation has centered around the inert gases and alkali

metals. 1In all cases, the dispersion or London constant increases going
down any column in the periodic table. This is not surprising since the
London constant is proportional to the square of the polarizability, and
the latter quantity increases with increasing atomic size in any given
column. Consequently, in the column copper-silver-gcld, one would expect
gold to have the largest London constant, silver next, and copper the ;
least. This would also be the order of the Hamaker constants and the Yd t
values for the case of gold and silver, where the atomic densities are .
essentially equal. The case of copper, with a larger atomic density than
silver or gold, is harder to predict. However, if its London constant is
sufficiently small in magnitude compared to that of silver, its yd will '
also be smaller. If Yd of silver or copper falls below 236 erg/cmz, a
finite contact angle should be observed if the interaction is exclusively
geometric mean of dispersion components.

The main experimental problem in measuring the wettability of clean
copper and silver consisted of admitting water vapor without any accompa-
nying trace of oxygen. The extreme precautions taken to accomplish this
consisted of the following.20 (1) Degassing the liquid water into the

sorption pump by momentarily opening a valve and then closing it as the

top water layer started to freeze from evaporation. This operation was

performed 60 times. (2) The water was exposed to a chamber evacuated to

the ultrahigh vacuum region by means of the ion pump. This operation was

performed seven times. The water reservoir remaining after treatment

according to this and the previous step served as the original source of

water vapor throughout all the experiments with copper and silver. For

some of the experiments with copper, the following step was added. (3) !
Prior to admittance to the sample chamber for contact angle measurement, }
water vapor from the degassed liquid was adsorbed onto clean (oxygen-free) ;
germanium powder in an intermediate chamber and allowed to equilibrate |
for at least 1 hr (in experiment 4 the germanium was in the sample chamber

manifold). The germanium had been previously cleaned by heating in vacuo i

26 . .
at 7000, and was regenerated after each run. Clean germanium rapidly
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chemisorbs a monolayer of oxygen. The efficiency of the germanium powder
was monitored in a separate experiment by deliberate adsorption of oxygen
(after one of the 700° cleanings) which was measured by pressure differ-
ence with a thermistor pressure sensor. The amount of oxygen chemisorbed
was approximately equal to that which would have been dissolved in the
entire water reservoir if it were in equilibrium with the atmosphere.
Since the reservoir was actually thoroughly degassed and since, further-
more, only a small portion of it vaporizes into the vacuum chamber for
contact angle measurement, the capacity of the germanium powder far
exceeded that necessary to completely free the water vapor of any possible
oxygen residue.

The contact angles of water on copper for the various methods of re-

moving possible residual oxygen from the water are listed in Table IV?O

Table IV: Contact Angle of Water on Deposited Copper Films under Various

Conditions (Reprinted with permission from reference 20. Copyright ACS).

Contact
Experi- angle,
ment Conditions deg
1 H20 thoroughly degassed 0
2 H20 from 1 reused after frozen storage in 20
chamber partially located in bakeout zone
3 O2 admitted to drop of 2 20
4 Degassed HZO exposed to clean Ge powder in 0
sample chamber manifold
5 Degassed H20 equilibrated with clean Ge powder 0

in upper dosing chamber prior to admission to

sample chamber manifold

The results of one through five were obtained before the quadrupole mass
spectrometer was installed in the system. The experiments were conse-~

quently run in such a fashion as to successively eliminate possibilities
of introducina oxygen contamination to the copper surface. The purpose
was to obtain oxygen-free introduction of water vapor with as short and

uncomplicated a procedure as possible. A reproducible hydrophobic con-
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tact angle at any stage would of course indicate success in oxygen removal
while simultaneously demonstrating the hydrophobicity of clean copper.

On the other hand, continued zero angles would be inconclusive until the
complete absence of oxygen could be independently demonstrated, at which
point the hydrophilicity of clean copper would be established. It can be
seen that with only one exception, the contact angle of water was 0°
throughout, culminating in the experiments where clean powdered germanium,
of proven efficiency, was used to getter any possible residue of oxygen.
In the lone experiment where a nonzero contact angle (200) was observed,
the failure of a dose of clean oxygen to lower the angle indicated that
the hydrophobicity was not due to the presence of a clean, oxygen-free
surface, but rather to contamination which apparently resulted from organ-
ic ambients picked up by the recycled water during bakeout.

Upon installation of the quadrupole mass spectrometer in the vacuum
system, pertinent portions of the experiments in Table IVZO were repeated for
the purpose of monitoring the ambients present at various stages of the
experiments. The water utilized for contact angle measurements was moni-
tored both by analyzing the atmosphere above frozen water and by leaking
vapor from the liquid state. ©No indication of oxygen was found in the
water reservoir after the 67 cycle degassing procedure, with or without
additional purification with germanium powder. Exposure of the metal
parts of the vacuum system, germanium powder, or evaporated copper to
traces of water vapor tended to evolve hydrogen and sometimes carbon
monoxide. The interaction of water vapor with deposited copper was
found to produce hydrogen and carbon monoxide in varying amounts depending
upon the conditions of evaporation.

The results of the determination of the contact angle of water on

. . 20
evaporated silver are given in Table V' . It can be seen that all

Table V: Contact Angle of Water on Deposited Silver Films (Reprinted with

pernission from reference 20. Copyright ACS).

Film Drop Contact angle, deg
1 1 0
2 0
2 1 0
2 0
3 0
{04




measurements yield a zero contact angle. Analysis of the gases produced
by exposure of the first deposited silver film to water vapor at satura-
tion yielded hydrogen and carbon monoxide in approximately equal amounts.
The second film, on the other hand, yielded nearly all hydrogen on
exposure to water vapor.

It is seen that measurements of the contact angle of water on evapo-
rated films of copper and silver in ultrahigh vacuum fail to yield any
evidence that clean, oxygen-free, metallic surfaces are hydrophobic. In
fact, it is not completely certain that water can come into contact with
these active surfaces without decomposing, since the exposure of clean
copper or silver to even small amounts of moisture results in evolution
of hydrogen. However, while this may be due to reduction of the water
molecule by the surface, it is most probable that the phenomenon results
from displacement of weakly chemisorbed hydrogen from the surface by the
water molecules.

Since all three solid metals (gold, copper, and silver) thus far
investigated yield a contact angle of 0° with water,13'20 there is no
evidence to support the highly speculative proposal6 that their interac-
tion with water is confined to dispersion forces. Any theory must conse-
quently take into account all possible modes of interaction between water

and these high-free energy surfaces.
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Organotin Polymers For

Mitigating Ships' Hull Frictional Resistance

D.E. Gilbert, E.J. Dyckman, and J.A. Montemarano
Naval Ship Research and Development Center

Bethesda, Maryland 20034 U.S.A.

ABSTRACT

The manner in which fouling interferes with the proper functioning of ships'
hulls demonstrates the importance of fouling prevention. The principal harm is
that fouling effects an increased frictional resistance of the hull to movement
in sea water, due in particular to roughening of the hull surface. In addition,
fouling on the hull increases the boundary-layer thickness, therebyv altering
propeller efficiency and further decreasing ship performance. To alleviate this
fouling, some novel, antifouling organotin polymers (OTPs)* of low-pol!lution-
risk have been developed which to date exhibit excellent antifouling performance
after 29 months of exposure to severe fouling conditions in l'earl Harbor,
Hawaii.

These OTPs are viable candidates for increasing antifouling longevity of hull
coatings, thereby maintaining desired ships' performance hy mitigating the
frictional resistance as the hulls move through sea water. Furthermore, it is
probable that incorporation of hydrophilicity into OTPs will result in ever
superior performance of the antifouling hull coatings, because of the additional

mitigation of frictional resistance ensuing from decreased hull surface roughness,

*OTPs have bheen referred to previously under the acronym OMPs (organometallic
polymers).
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Fouling of Ships' Hulls

Fouling is the growth of animals and plants on submerged surfaces. Its most
widely publicized effect is on the efficiency of ships' propulsion systems.

The fouling of ships reduces speed, increases fuel consumption, and results in
losses in time and money during the application of remedial measures to ships'
hulls. For example, it is conservatively estimated that a fuel reduction of
as little as 1.0%, derived from an improved antifouling coating svstem, would
save the Navy approximately 4 million dollars annually on the basis of current
fuel prices.

Fouling immediately effects an increase in the resistance of the hull to
movement through water - a phenomenon known as frictional resistance. For
present purposes, it will suffice to point out that the accumulation of fouling
may readily reduce the speed of the ship by several knots. For example, after
six months out of dry dock in temperate waters, fouling caused a 50 and 45% in-
crease in fuel consumption in maintaining speeds of 10 and 20 knots, respective-
ly, for a cruiser with a standard displacement of 10,000 tons.! This same
vessel experienced a loss of maximum speed of 1-1/4 knots. Similarly, a
destroyer with a standard displacement of 1,850 tons experienced a 50 and 35%
increase in fuel consumption to maintain speeds of 10 and 20 knots, respective-
ly; its loss of maximum speed was 2 knots.! 1In addition to the skin friction
effect, fouling on the hull further decreases ship performance by increasing
boundary-layer thickness, thereby altering propeller efficacy.23

Consequently, any improvement in antifouling hull-coating technology will
result in substantial savings. Ulonger-lived antifouling coatings applied to
ships' hull accomplish the following:

1. Ships can remain at sea for longer periods with inconsequential reduc-

tion in speed or increase in fuel consumption due to fouling.
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2. Dry docking loads are reduced.

3. The demands for fuel by the fleet are reduced.

4. Fewer tankers are required to service the fleet.

The time required for ships to foul depends on the efficacy of the antitoul-
ing hull coating, which is destroyed by the action of sea water and the break-
down of the coating. Once the coating is damaged, fouling may develop rapidly
and cover the unprotected surface within a few weeks. The tendency of ships to
foul depends on the time spent in port since the larvae of many fouling organ-
isms have difficulty in attaching to submerged surfaces when the velocity of
the water across the surface exceeds one knot.! At greater speeds, the growth
of some organisms previously attached is also suppressed, and at high speeds
the attached organisms may be washed away.

The manner in which fouling interferes with the proper functioning of ships’
hulls demonstrates the importance of fouling prevention. The principal harm is
that fouling effects an increased frictional resistance of the hull to movement
in sea water, due in particular to roughening of the hull surface.

The total resistance of a ship moving at the surface of water is generally
considered to be the sum of two components: (1) the frictional resistance and
(2) the residual resistance.! The frictional resistance results from tangential
stresses due to the drag of the water moving parallel to the hull. The residual
resistance,* on the other hand, results from the distribution of pressure which
develops about the hull because of the waves and eddies caused by the ships'

motion.

*Tt is usual practice to combine the wavemaking and pressure resistances
into one term, called the residual resistance.

171




The condition of a ship's hull, as determined by the character of the paint

coating and the degree to which the coating permits corrosion or fouling, may be
expected to affect the frictional resistance primarily. When the hull is clean,
the value of the frictional resistance relative to the total ship resistance
emphasizes the importance of keeping the frictional resistance to a minimum.
This point is emphasized further by examining Figure 1 which contains the
results of the analysis of the total resistance of the Japanese destroyer
YUDACHI.! It can be seen that at normal speeds the residual resistance consti-
tutes only a relatively small portion of the total resistance. 1In the inset of
the figure, the frictional resistance is expressed as a percentage of the total
resistance at different speeds. At a speed of 10 knots, the frictional resis-

tance accounts for 85 percent of the total resistance; whereas at 26 knots, the
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Figure 1. Analysis of the total resistunce of the
destroyer YUDACHI into its components of frictional
and residual resistance at various speeds. Inset.
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frictional resistance amounts to only 50 percent of the total resistance.
Therefore, as speed increases, the percent frictional resistance abates. In
addition to fouling affecting frictional resistance, surface roughness“:5 and
slimefilms! also increase this resistance. Lackenby” found that for new ships,
the shaft horsepower required for a given speed increased with the surface
roughness. Similarly, Todd> has documented an increase in the frictional resis-
tance coefficient of painted friction planes with larger Reynolds numbers or
greater surface roughness. A number of observations indicate that the fric-
tional resistance of a submerged surface increases with the immersion time in
the absence of macroscopic fouling.! This increase is attributed to microscopic
fouling - the formation of a slime film.

The purpose of antifouling coatings is to keep the frictional resistance to
a minimum for a maximum period of time. The inlierent surface roughness of the
hull coating becomes important only in the absence of microscopic or macroscopic
fouling. Therefore, the final value of an antifouling coating is judged during
ship's trials, for example, its sliming and fouling prevention.

Prevention of Fouling

Development of novel, low-pollution-risk, antifouling organotin polymers
(0TPs) advance the state-of-the-art in antifouling technology and promise to
advance the state-of-the-art of antifouling hull coatings. At present the life
of antifouling coatings, based on cuprous oxide, is only from three to eighteen
months,® mainly due to excessive leaching of the cuprous oxide. Cuprous oxide
coatings possess several other disadvantages. They do not prevent algae build-
up (grass) along the waterline; they cause galvanic corrosion of bare hull areas;
and they are deficient in pigment retention, thus providing ships' hulls with
deficient camouflage protection. On the other hand, organotin salts, i.e.,
bis-tri-n-butyltin oxide, tri-n-butyltin fluoride, and triphenyltin fluoride,
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are extremely powerful biocides, being toxic to a wide range of marine organisms.

Consequently, organotin salts are the basis of a variety of antifouling coatings.
In addition, the use of organotins in antifouling coatings has received addi-
tional impetus because these coatings do not accelerate corrosion nor inhibit

pigmentation.®

Due to the fact that state-of-the-art antifouling technology has not provided
a means of controlling the leaching rate of toxic moieties into the marine envi-
ronment, the Naval Ship Research and Development Center introduced the idea of
chemically binding biocidal organotin salts in polymer backbones. It is
theorized that OTPs are surface hydrolyzed in sea water to grigger their anti-

fouling effectiveness. Laboratory studies have shown that chemically bound

organotin moieties are released at a rate that is dependent on the nature of

the OTPs. In an effort to develop antifouling coatings possessing the lowest

possible controlled leaching rates, various OTPs were synthesized and, in

addition, the rates of release of organotin moieties from these polymers were

determined, as well as their antifouling effectiveness. Factors which influ-
ence the rate of hydrolysis of OTPs include polymer type, degree of cross-link-
ing within the polymer backbone, the degree of substitution by organotin groups
along the polymer backbone, and sea water temperature, salinity, oxygen content,
hydrogen ion concentration and turbulence. The service life of low-leaching
20 mil organotin coatings is estimated to be 5 years.®
To date, the feasibility of OTPs as antifouling materials has been demonstra- )
ted by more than two years of continuous excellent antifouling performance.
Patch panel trials for the evaluation of the antifouling performance of OTPs

were conducted at Naval Shipyard, Pearl Harbor, Hawaii and at Miami Beach,

Florida. The OTPs controlled the growth of marine fouling organisms including

bacteria, algae, tubeworms, and barnacles. Exposure indicates that the

174




D 2

optimum antifouling performance may be expected from the OTPs which possess
organotin moieties such as tributyltin and/or tripropyltin. For example,

poly (trimethyltin acrylate} and poly (triphenyltin acrylate} exhibited low
resistance to tubeworm growth, whereas polymers containing tributyltin and/or
tripropyltin groups showed excellent antifouling performance. These results
agree with previous studies’ which show that the most effective organotin groups
are those which contain 9 to 12 carbon atoms, for example tripvspyl or tributyl
groups.

Sea water solubility studies show that OTPs, while possessing good anti-
fouling effectiveness, release organotin moieties at a rate of at least one
order of magnitude less than a state-of-the-art tributyltin fluoride-base anti-
fouling hull coating. During five weeks of agitation in artificial sea water
poly (tributyltin methacrylate/methyl methacrylate) had released 45% less
organotin ions than poly (tributyltin methacrylate). This indicates that the
release rate of organotins can be controlled by chemically modifying the polymer
matrix. Currently, experiments are being conducted to determine the relation-
ship between various polymer matrices and the release rate of organotin
moieties.

The success of OTPs can be summarized by: (1) OTPs are proven effective
antifouling agents. (2) Chemically binding the toxic organotin moiety in the
OTP provides a low leaching rate, thus offering a longer service life and
negligible environmental impact. (3) Optimum antifouling performance of OTPs
is obtained by chemically modifying the polymer matrix. (4) Incorporation of
two or more different types of organotin moieties widens the kill spectrum of
the OTPs. (5) OTPs may be synthesized with air pollution exempt solvents.

Next, let us turn our attention from the general consideration of anti-

fouling OTPs to the specific case of incorporating frictional-resistance
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properties into these matcrials. It appears feasible that by reducing the
surface roughness of ships' hull coatings the frictional resistance of a ship's
hull moving through sea water may be mitigated. This theory is supported by a
commercially available hydrophilic acrylic polymer coating which, according to &
manufacturer's data, shows a maximum 4% savings in fuel consumption over con-
ventional hull coatings. 1In addition, NSRDC data show a maximum 3% reduction
in frictional resistance using the same coating. It is hypothesized that hy-
drophilic polymers inhibit turbulent flow near the hull surface and concomitant-
ly retard the onset of hull surface degradation. Based on the aforementioned
hypothesis, it is speculated that incorporating hydrophilic groups into the
OTPs will permit these antifouling materials to further mitigate ships' hull
frictional resistance.
Conclusions

It has been shown by previous investigators that the frictional resistance
of the ships' hull moving through water constitutes the major portion of the

ships' total resistance, this percent contribution being more significant at

lower speeds. The manner in which fouling interferes with the proper function-
ing of ships' hulls demonstrates the importance of fouling prevention, the
principal harm being that fouling effects an increased frictional resistance
ensuing from roughening of the hull surface, In addition, fouling on the hull

increases boundary layer thickness, thereby altering propeller efficacy and

further decreasing ship performance. To alleviate this fouling, some novel,
low-pollution-risk, antifouling organotin polymers (OTPs) have been developed !
which, to date, continue to exhibit excellent antifouling performance after 29
months of exposure to scvere fouling conditions in Pearl Harbor, Hawaii.
These OTPs advance the state-of-the-art in antifouling technology. At

present, the life of conventional antifouling coating formulations, based on
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the physical mixture of cuprous oxide in paint resins, is only from three to
eighteen months. This short life is principally due to excessive leaching of
the cuprous oxide. To combat excessive leaching and thereby decrease the
threat of pollution, the Naval Ship Research and Development Center has intro-
duced the innovative concept of chemically binding biocidal organotin salts in
polymer backbones. The success of this concept has been borne out by more than
two years of successful antifouling performance at Pearl Harbor, Hawaii. It is
theorized that the antifouling efficacy of OTPs is catalyzed by surface hydro-
lysis in sea water. Laboratory studies have shown that the rate of release of
biocidal organotin moieties from OTPs depends on the structure of the polymer.
Other factors which influence this rate include: degree of cross-linking within
the polymer chain, degree of substitution by organotin groups along the polymer
chain, and sea water temperature, salinity, oxygen content, hydrogen ion con-

centration, and turbulence.

These OTPs are viable candidates for increasing antifouling longevity of hull

coatings, thereby maintaining desired ships' performance by mitigating the
frictional resistance of ships' hulls moving through sea water. However, it is
probable that incorporation of hydrophilicity into antifouling OTPs will result
in even superior performing antifouling hull coatings, because of additional

mitigation of frictional resistance due to decreased hull surface roughness.
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CONCLUDING REMARKS

A. Walz
Technische Universitat Berlin

The First Symposium on Fluid-Solid-Surface Interaction at
Meersburg, Germany, in May 1972, was principally a public
relations effort for a very special and more or less future-
oriented field of research activity, which, however, was justi-
fied by remarkable initial results. At that time it was not
easy to be optimistic about the early application of research
based on limited theoretical and empirical results and esti-
mates. It was, however, not difficult to describe and define
the positive consequences for the whole field of applied fluid
mechanics if this research achieved its main goals. These
facts and the availability of highly qualified and experienced
teams of scientists warranted the German Government's sponsor-
ship of these research programs for a reasonable period of
time.

The First Symposium also started with a secondary objective:
to demonstrate the necessity for close cooperation of more or
less diverse disciplines, such as continuum mechanics, theoret-
ical physics, solid-state physics, and physical chemistry, to
insure a good chance of success.

Analysis of the papers of this Second Symposium has shown
that during the past two years some progress has been made in
both the completion of the theoretical basis and the solution
of technological problems. The following reports are represen-
tative of the state of the art at this Second Symposium: the
paper by K. Barwinkel (Dornier System) bridged the gap betwecen
continuum mechanics and recent results in the field of gas
kinetics. These investigations show that, at recalistic
altitudes of about 20 km at flight Mach-numbers between 2.5
and 3, reductions in the friction coefficient Cg of about 5
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to 10% may be expected. The related momentum accommodation
coefficient @ is, according to Barwinkel's calculations,
about 10'2. Very low values of @ have been measured on
specially prepared gold surfaces by M. Seidl and E. Steinheil.
For the same solid-surface and the same flight conditions, the
achievable reduction of the energy accommodation coefficient
ap and the relating heat transfer coefficient (as a decisive
parameter in energy balances of thermo-fluid dynamics) will be
much greater due to the smaller effect of molecular roughness
as shown in the analysis of Barwinkel and confirmed by

D. Menzel in his paper presented at the First Symposium.

There is no doubt that these latter results on possible
heat transfer reduction by special solid surface preparation
may have enormous practical importance. It seems to be
possible to keep the surface of high speed flight vehicles
cool by treating portions of the surface so that they have
small values of ap.

Preliminary investigations have been started and reported
on the problem of liquid-solid surface interaction which pre-
dominates in Navy projects. There is a general lack of basic
theories in this matter. Liquid-solid surface interaction
modes for the molecular contact layer must be quite different
from those applicable to gas-solid surface interaction. The
concept of "wettability' described in the paper by
M.E. Schrader (NSRDC) may play an essential role in these
problems.
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APPENDIX

Titles of Papers Presented at the First Symposium
on Gas-Solid Surface Interaction, 3-5 May 1972,
Meersburg, Germany

Simmler, W., German Ministry of Defense. Opening Remarks (in
German).

Walz, A., Technical University Berlin, FRG*. The Connection
between the Aerodynamic Coefficients of a Flying Body
and the Type of Boundary Condition (in German).

Lugt, H.J., Naval Ship Research and Development Center,
Bethesda, Md., U.S.A. Laminar Flow Past Bodies under
Perfect Slip (in English).

Lehmann, V., Dornier System, Friedrichshafen, FRG. The
Connection between Gas-Surface Interaction and the Boundary
Conditions of Gas Dynamics (in German).

Pauly, H., Max-Planck-Institut fiir Stromungsforschung, Goéttingen,
FRG. Technology and Applications of Molecular-Beam
Investigations (in German).

Hollstein, M., et al., Dornier System, Friedrichshafen, FRG.
Measurcments of Gas-Surface Interaction with an UHV
Molecular-Beam Device and with Gas-Friction Apparatus (in
German) .

Hays, W.J., et al., University of California, Los Angeles,
California, U.S.A. Effects of High-Energy Incident Molecular
Beams on Surface Characteristics (in English).

Muller, W.J.C., Dornier System, Friedrichshafen, FRG. Theoretical
Investigations on the Scattering of Molecular Beams at
Solid Surfaces (in Germar).

Bossel, U., Aerodynamische Versuchsanstalt Gottingen, FRG.
Generation of Intense Molecular Beams of Suborbital Energies
for Scattering Experiments (in German).

Gebhardt, L., Max-Planck-Institut fir Metallforschung, Stuttgart &
Rieger, H., Dornier System, Friedrichshafen, FRG. Boundary
Phenomena at Solid Surfaces (in German).

* Federal Republic of Germany
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FRG. Influence of

Friedrichshafen,
(in German).

Rieger, H., Dornier System,
Solid Properties on Gas-Surface lInteraction

Menzel, D., Technical University Munich, and

Kouptsidis, J., Deutsches lilektronensynchroton Hamburg, FRG.
Ihe Mechanisms of bnergy Transter During Impact at Solid
Ssurfaces (in German).

Devienne, F.M., Laboratoire de Physique Moléculaire des Hautes
lnergies, 06 Peymeinade, France. Application of the
Techniques of High-Energy Molecular Beams to the Study of
Solid-Gas Interface (in English).

Fromm, E., Max-Planck-Institut fiir Metallforschung, Stuttgart,
FRG. Surface Reactions of Oxygen and Nitrogen with
Evaporated Metal Films (in German)

Barwinkel, K., Dornier System, Friedrichshafen, FRG Scatistical
Theory of Adsorption (in German).

Morrison*, S.R., and Hauffe, K., University of Gottingen, iRG

Surface Phenomena of Zinc Oxide Treated with UV Ravs (in

German).

Seidl, M., Dornicr System, Priedrichshafen, FFRG. Influcnce of
Properties of Chemisorption and Adsorption on Solid Surfaces
by means of Treatment and Noping (in German).

Trepte, L., Dornier Svstem, Friedrichshafen, FRG. Investigation
of Oxydation Effects on Cu (in German).

Zei, M.S. and Block, J.H., Fritz-tlaber-Institut der Max-Planck-

Gesellschaft, Berlin, FRG. Occurrence of Carbonium lons on
Solid Surfaces by Means of Ficld lonization Mass Spectrometr)
(in German).

Schrader, M.E.,, Naval Ship Research and Development Center,
Annapolis, Maryland, U.S.A., Oxidation and Other Contamination
of Gold Surfaces (in English).

K. and Ertl, G., Technical University Hannover, FRG

Christmann, K.
CO Adsorption on Mono-crystalline Ag/Pd alloys** (in German).

* Visitor from the Stanford Rescarch Institute, Menlo Park,

California, U.S.A.
** Detailed publication will appear in Surface Science.
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Sarholz, W. and Baresel, D,, Robert Bosch GmbHl., Stuttgart, FRG.
On the Connection Between the Llectro-catalytic Activity of
Various Hard Materials For the Oxidation of Hydrogen and
Formaldehyde and the Symmetry of their Surface Complexes
{in German).

Forstmann, F., Fritz-llaber-Institut der Max-Planck-Gesellschaft,
Berlin, FRG. Recent Results on the Interpretation of
Diffraction Lxperiments with Slow Llectrons (in German).

Gronau, K.H., German Miniscry of Defense. Lpilogue (in German).




